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Abstract
The aluminothermic (AT) process utilises a self-propagating high-temperature synthesis (SHS) type
reaction for producing primarily thermite steel and alumina slag at high temperatures during the
welding of rails. In this work, an investigation on the early stages of the aluminothermic process,
the separation of AT reaction products and mould lling has been carried out, using both exper-
imental and computational methods to predict the time duration of a complete separation and to
obtain a better understanding of the internal multiphase ow within the crucible and mould. The
decomposition of AT reaction products after the combustion and the subsequent mould lling by
thermite steel and alumina slag have been simulated numerically, using a diusive phase eld and
volume-of-uid model. However, to minimize numerical errors on the input parameters of the high-
temperature multiphase ow, a careful review on transport properties has been made. Missing data,
e.g. the contact angle of thermite steel on waterglass-bonded mould and crucible wall material has
been investigated experimentally. Being further necessary for the prediction of the separation time
of AT reaction products in compacted thermite, results on the propagation front velocity show a de-
creasing trend with increasing initial compact temperature. Further, the combustion front velocity is
used for a subsequent analysis of the separation time, which is obtained from the phase distribution
of thermite steel, alumina slag and intermetallic compounds, using a combustion front quenching
(CFQ) methodology. Moreover, geometric modications on the crucible and mould have been de-
veloped for a reduction in changeover time, as well as an optimized multiphase ow eld. Their
performance during crucible discharge and mould lling has been veried numerically. Further-
more, alumina slag inclusions have been tracked within the mould using a volume-of-uid approach
with their nal positions being veried through an authentic welding.
Keywords thermite, high-temperature, combustion, propagation, quenching, phase eld, multi-
phase, mould, crucible, contact angle, sessile drop, discharge, steel, slag, CFD, VOF,
CFQ, SHS
Zusammenfassung
Während des aluminothermischen (AT) Prozesses ndet eine SHS-Reaktion Anwendung, um pri-
mär Thermitstahl und Aluminiumoxidschlacke bei hohen Temperaturen für das Verschweißen von
Bahnschienen herzustellen. In dieser Arbeit wurden Anfangsstadien, welche die Separation der AT-
Reaktionsprodukte sowie das Füllen der Gießform einbeziehen, unter Anwendung von sowohl ex-
perimentellen als auch numerischen Verfahren untersucht. Damit konnte die Zeitdauer einer kom-
pletten Separation ermittelt und ein genaueres Verständnis der Mehrphasenströmung in Tiegel und
Gießform erlangt werden. Die Separation der AT-Reaktionsprodukte nach der aluminothermischen
Reaktion und die anschließende Formfüllung wurden mit einem diusen Phasenfeld und einem
Volume-of-Fluid-Modell numerisch berechnet. Für die Minimierung numerischer Fehler in den Ein-
gangsgrößen dieser Hochtemperatur-Mehrphasenströmungen wurde eine intensive Literaturrecher-
che durchgeführt und fehlende Parameter, wie zum Beispiel die Kontaktwinkel von Thermitstahl auf
Wasserglas gebundenem Form- und Tiegelmaterial, wurden experimentell ermittelt. Messungen der
Reaktionsfrontgeschwindigkeit in gepresstem Thermit sind notwendig für eine Vorhersage der Se-
parationszeit der AT-Reaktionsprodukte, und die Ergebnisse zeigen einen linear abfallenden Trend
mit zunehmender Anfangstemperatur des verdichteten Materials. In dieser Arbeit wurde die Ge-
schwindigkeit der Reaktionsfront verwendet, um aus der Phasenverteilung von Thermitstahl, Alu-
miniumoxidschlacke und intermetallischen Verbindungen als Ergebnis des CFQ-Experimentes die
Separationszeit in verdichtetem Thermit zu approximieren. Es wurden Modikationen an Tiegel und
Gießform erprobt, die für eine Verbesserung der internen Strömungsführung sowie für die Redu-
zierung der Umrüstzeit sorgen sollen. Die Ezienz dieser Veränderungen wurde anschließend mit
numerischen Methoden überprüft. Des Weiteren konnten durch eine Realschweißung die numerisch
vorhergesagten nalen Positionen von Schlackeeinschlüssen innerhalb der Gießform veriziert wer-
den.
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Between the years of 2015-16, the gross merchandise volume (GMV) from online trade in Germany
alone increased by 10.8 % to 72 billion euros as mentioned in a behv statistic [9]. Online retailers,
e.g. Amazon.com, Inc. and eBay are becoming increasingly popular and thus delivery providers, e.g.
DHL must cope with the continuous rising number of parcels while customers want to receive their
order preferably on the same day. Yet, with the traditional transport of parcels primarily by lorry and
train, responsibilities for the environment, such as climate-neutral shipping and electric vehicles are
becoming more important to obtain a cleaner image during times of the Volkswagen emission scan-
dal, also known as Dieselgate. Transitioning from conventional combustion engines in vehicles, e.g.
cars and lorries, to fully electric, drives a reduction of greenhouse gases. To curtail global warming,
many governments have elaborated agendas in favour of clean and renewable energy. Even though
US President Donald Trump does not quite believe in the necessity of environmental protection to
reduce the eects of global warming, as shown by many environmental rule overturns established
by former President Barack Obama, as described in Popovich [66].
Yet, an increasing global trade volume, as mentioned in a report about world trade and gross domestic
product (GDP) between 2016 and ’17 by the World Trade Organization [65], does inevitably yield
higher trac volume, as well as higher loads and transport velocities. This means that stability and
requirements on the material will also have to increase. Therefore, eects of a rising merchandise
transport by train includes higher stress on the rail and also shorter time windows for repairs.
Most commonly, the process of railway welding involves the aluminothermic reaction, as described
in section 1.2, producing high quality liquid steel at high temperatures in short amounts of time and
en route. As a versatile and robust method, the aluminothermic process has been used all over the
world in various cultures and environments for over 100 years. This self-sustaining high-temperature
synthesis and exothermic conversion is followed by a diusive and convective separation of liquid
metal and non-metal phases, which is still not fully understood. In addition, temperatures above
2400 K and fast reaction kinetics make experimental investigations dicult and are limited to special
high-temperature refractory materials. However, technology and high-performance computing en-
ables the possibility to investigate the AT (aluminothermic) process in more depth using numerical
models for a deeper understanding of the mechanisms involved. Based on the acquired results, op-
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timising strategies will be tested and validated with experimental and numerical methods to make
the aluminothermic welding of rails ready for future demands.
Numerical investigations on the highly exothermic thermite reaction might be used to obtain results
on the time duration of the reaction and separation of thermite steel and alumina slag, and thus
enabling a high resolution of the temporal stages during this process. Based on these results, the
time for the steel discharge from the crucible can then be adapted, yielding a more eective and
time-optimised aluminothermic welding process. Furthermore, understanding the complex three-
dimensional and transient multiphase ow of liquid thermite steel and alumina slag inside the cru-
cible and mould might help to identify possible causes for casting defects.
1.1. State of the art review
Transport properties for thermite steel and alumina slag on special crucible and wall materials used
during the AT process are needed for accurate numerical results. Therefore, values of the contact an-
gle between the liquid phases and wall materials are of great interest. In the work of Ueda et al. [77],
contact angle (CA) data of iron on single-crystal alumina substrate and the eect by the partial pres-
sure of atmospheric oxygen has been investigated, yielding a signicant inuence on the wetting
behaviour through a decreasing contact angle with increasing partial pressure of O2. Similar eects
on the wetting of iron on high-purity alumina substrates have been shown in a study conducted
by Nakashima et al. [61] for various protective gas atmospheres. Experimental investigations on
the wetting behaviour of thermite steel on refractory crucible and mould wall materials have been
conducted to provide missing boundary conditions for numerical simulations. Measurements of the
propagation front velocity and the separation in compacted thermite are also serving as boundary
conditions and validation experiments for computational results. Reaction kinetics and the initial-
isation temperature of self-propagating high-temperature synthesis (SHS) type reactions, including
the aluminothermic reaction have been researched in Fan et al. [21] and Mei et al. [56]. Further, SEM
(scanning electron microscope) images by Mei et al. [56] of the early stages of the aluminothermic
reaction are serving as theoretical basis for the construction of a model for the separation of AT
reaction products. Using optical methods during radial combustion front velocity measurements in
compacted thermite pellets, results from Durães et al. [19] are used as theoretical basis for the ex-
periments conducted within this thesis. Dierences between both experiments can be summarized
as in Durães et al. [19], in which a ner grained thermite and a higher compression force has been
used as compared to this work.
The aluminothermic reaction as an SHS type reaction has been investigated in the work by Cao et
al. [13] using a combustion front quenching (CFQ) methodology and thus enabling the possibility
of temporal resolving stages during this fast and highly exothermic reaction. This term has been
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dened in literature by Merzhanov et al. [57] where a new type of SHS reaction is described for
the synthesis of refractory materials. Based on the CFQ setup in Cincotti et al. [16], an experi-
mental test rig has been developed in this work for researching aluminothermic SHS type reactions.
Further, an analytical formulation for an estimation of the separation time in thermite materials has
been researched in Bulaev [8]. The process of spinodal decomposition is mainly researched experi-
mentally and numerically for binary alloys, such as Fe-Cr, Au-Ni and Ag-Cu systems as described in
the work of Miller et al. [58], Zhao et al. [87] as well as Anders et al. [1], respectively. This is due
to an increased interest in the separation dynamics after solidication within alloys, which results in
changing material properties with advancing decomposition. However, literature on the application
of a phase eld model for the investigation of diusive transport mechanisms in binary metal and
metal oxide systems is limited. One source contributes to an experimental and numerical investiga-
tion on the wetting behaviour of a high-content SiO2 slag in contact with a Fe-C sphere, as described
in Kim et al. [43], in which the surface tension force has been identied by the phase eld model
as the driving force for a slag separation. Furthermore, a connection between the transport mecha-
nisms of spinodal decomposition and SHS type reactions can be made from temporal observations
obtained by Che et al. [14] and Yan et al. [83].
During the outow of crucibles, concurrent discharge phenomena of steel and slag have been ob-
served in Davila et al. [17], posing a risk to the quality of the cast or weld due to oxide inclusions.
In addition, non-isothermal numerical investigations were conducted on the discharge from a ladle
using a VOF (volume-of-uid) approach. The dimension of the ladle in Davila et al. [17] is much
larger compared to the crucible used during the aluminothermic welding of rails. However, parallel
discharge phenomena inside the ladle can also be observed on a smaller scale. In Lubin et al. [53], a
critical height to outlet radius ratio has been developed for a two-phase discharge from a cylindri-
cal tank, to predict the critical height for vortex formation. Using a VOF approach for free surface
ows during die casting, the interface movement and heat transfer has been investigated in Korti et
al. [45] by applying high density ratios within a two-phase system. However, eects of the surface
tension force on the movement of the interface have been neglected. Further, in a study by Sankara-
narayanan [69], the formation of vortexing and non-vortexing funnels during ladle discharge was
investigated during steel making processes and an analytical model was developed for the ratio of
critical height to outlet diameter at which these vortexes start to occur. Also, water experiments and
the testing of a crucible insert was conducted for the reduction of slag entrainment. During contin-
uous casting, the slag entrainment is a serious problem, as it reduces the quality of the steel sheet.
This phenomena has been investigated experimentally in Scheller et al. [70] for a water-oil system.
Here, the frequency of oil droplet entrapment has been correlated to the capillary numberCa inside
a reservoir with a submerged rotating roller.
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Fundamental research of multiphase simulations in the eld of aluminothermic welding of rails has
been made in the work of Tuchkova [76], where transport properties of thermite steel are pre-
sented and the chemical composition of the thermite weld has been analysed. In Tuchkova [76],
the dynamic viscosity of liquid steel can be obtained as 0.005 Pa s. Further, this value is used in CFD
simulations of the mould lling during the aluminothermic process, where it has been averaged
from literature data based on studies by Goldschmit et al. [29] and Huang et al. [34]. In both the
aforementioned sources, the process of continuous casting has been investigated numerically and
thus yielding much lower temperatures of the melt, as compared to the aluminothermic process. In
Huang et al. [34], the pouring temperature is estimated to 1823 K and thus being 650 K below Tmelt
during the aluminothermic welding process. Furthermore, a chemical analysis of the incorporated
steel has not been mentioned in Goldschmit et al. [29] and thus applying transport properties of
a continuous casting steel for the aluminothermic welding process in Tuchkova [76] is question-
able. Furthermore, the preheating with the discharge from the crucible and lling of the mould and
the solidication of the weld has been investigated in Tuchkova [76] using a two-phase heat trans-
fer solver of the commercial CFD software Flow3D. A UIC60 type rail prole with a Standard-SkV
mould has been used for lling and solidication simulations. Here, the label Standard stands for the
name of the mould type and SkV is referring to the German abbreviation Schnellschweißverfahren
mit kurzer Vorwärmung, which stands for a rapid welding technique with short preheating.
1.2. Background
The aluminothermic welding process utilizes an SHS type reaction of aluminium and iron(III) oxide,
producing iron and alumina slag as in equation (1.1) and at melt temperatures Tmelt estimated to
2473.15 K.
2Al + Fe2O3 → 2 Fe + Al2O3 , ∆H 0R < 0 (1.1)
By including additives, e.g. alloying elements into the equation above (1.1), the highly exothermic
thermite reaction with a standard enthalpy of reaction∆H 0R of−850 kJmol−1 at 298 K, as mentioned in
Durães et al. [19], enables the possibility to produce high purity steels en route and in short periods
of time. As an example, 13 kg of WT-100-1 thermite react in approximately 20 s to 7 kg iron and 6 kg
alumina slag. The aluminothermic reaction in equation (1.1) is most commonly used for the welding
of many types of rails all around the world and from time to time under extreme environmental
conditions, e.g. high and low temperatures or in high humidity.
An aluminothermic welding of a UIC60 prole may utilize dierent mould types as displayed in
gure 1.1, e.g. a Standard-SkV mould. A more common mould type is the SkV-Elite for a UIC60 prole










Figure 1.1.: CAD model of an aluminothermic welding setup for a UIC60 prole rail enclosed by a Standard-
SkV mould and plug (left) and cross sectional-view of the complete setup of a Standard-SkV mould
with a Euro crucible with lid, mould shoes and slag pans (right) by Oertel [62]. Arrows in the
right image indicate the schematic ow direction of the melt.
and risers to the Standard-SkV mould. Prior to welding, two rail ends are aligned and separated by
a gap of 22mm to 25mm. Two moulds are then positioned around the rail ends and supported by
mould shoes made of steel to guarantee the stability of the mould during the welding. Two slag pans
are added on each side of the mould, as shown in the right schema of gure 1.1. Further gaps between
the rail and mould are closed by a waterglass-bonded sand mixture as shown in the left gure. After
this installation step, the mould and rail ends are preheated with a propane-air burner to minimize
the temperature dierence between the rail and melt and to remove condensed or internally bound
water from the mould and rail. After the preheating, the burner nozzle is removed from the mould
while the plug is inserted. A Euro crucible is positioned to be vertically aligned with the centre of
the welding gap. For welding a UIC60 prole rail, the crucible is lled with 13 kg of thermite powder
and the lid is put into position. The lid is used to shield the surroundings from the intense thermite
reaction. While igniting the thermite powder inside the Euro crucible through a hole in the lid, the
reaction starts and after approximately 20 s the discharge of liquid thermite steel and alumina slag
into the mould beneath begins. After the lling, the reaction crucible and slag pans are removed and
the excess steel and slag around the former welding gap are sheared-o mechanically. As the nal
step during the aluminothermic welding of rails, the weld is ground at the rail head.
Within this thesis, the multiphase ow inside a common Euro crucible and SkV-Elite mould enclosing
a modied UIC60 prole rail is investigated with numerical methods. A basic understanding of the
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overall three-phase ow regime during the discharge and lling, and also a detailed analysis of the
steel, slag and air phase distribution above the plug and in the vicinity of the rail foot, are of great
interest and are amongst others investigated in this thesis. The main purpose of the plug is to reduce
the kinetic energy of the steel and slag stream from the crucible and to divide the main ow into two
secondary directions passing the plug on the left and right side as indicated in the right schema of
gure 1.1. However, the manual insertion of the plug after preheating might be replaced in the near
future by a new plugless lling technology. This would enable the reduction of the changeover time.
An intensive heat of reaction in equation (1.1) and highly reactive substances, e.g. thermite steel at
temperatures above 2400 K make any experimental investigation complicated and cost-intensive to
conduct due to the limited selection of materials withstanding these extreme conditions. However,
CFD simulation of the aluminothermic process might give detailed insight into ow phenomena
inside the crucible or mould, which under normal circumstances are hidden from observation.
1.3. Thesis outline
An introduction to the history and future of the aluminothermic welding process, followed by a lit-
erature review is presented in the current chapter. In the next chapter, an experimental evaluation
of the contact angle of liquid themite steel on special mould and crucible materials using a sessile
drop technique is presented on page 8. This material data is serving as boundary conditions for mul-
tiphase ow simulations of the crucible discharge and mould lling. Further, measurements on the
propagation front velocity are described in chapter 3 on page 16, yielding another important param-
eter for the analysis of a time duration of a thermite steel and alumina slag separation. Based on the
propagation front velocity evaluation in compacted thermite pellets, a combustion front quenching
(CFQ) experimental setup and the results will be presented in chapter 4 on page 21, which are used
as a validation basis for numerical simulations of the separation of thermite steel and alumina slag
after the aluminothermic reaction. With the fundamentals presented in preceding chapters, in 5, the
process of the aluminothermic separation is investigated using numerical phase eld methods.
Following the process of the aluminothermic reaction and separation of steel and slag, the discharge
of the crucible and lling of the mould is being numerically and experimentally investigated in chap-
ter 6. Within the scope of this numerical investigation, transport and material properties as discussed
in the appendix on page i are being evaluated in a parameter sensitivity analysis to investigate the
inuence of a variation in these properties on two important points in time during the crucible dis-
charge. Furthermore, the validated multiphase model which is used for the three-phase simulations
of the crucible discharge and mould lling is presented.
Conclusively, numerical and experimental results presented within this thesis are being critically
scrutinized and reviewed in chapter 7. Further, ideas for an improvement on the accuracy of numer-
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ical schemes and measuring techniques are being presented in chapter 8. A summary of transport
properties for the liquid and gaseous phases of the multiphase system during crucible discharge and
mould lling is further presented in the appendix on page i.
7
2. Weing behaviour of thermite steel
Measurements on the static contact angle θ using a sessile drop technique have been carried out to
provide missing material data for multiphase ow simulations of the crucible discharge and mould
lling during the aluminothermic welding of rails. Hence, the contact angle between a thermite
steel sample and waterglass-bonded Al2O3-SiO2 composite refractory materials used as crucible and















Figure 2.1.: Schematic concept of the induction heated oven for contact angle measurements of thermite steel.
A schematic set up of the hot stage microscope is displayed in gure 2.1 with a cross and longitudinal
section on the left and right side, respectively. The custom-built hot stage microscope at the Institut
für Eisen- und Stahltechnologie (IEST) of the TU Bergakademie Freiberg consists of a water-cooled
induction coil (2), which is embedded in a hollow cylinder (1) made from re resistant concrete. By
coupling of alternating current from (2) to an electrically conducting hollow graphite cylinder (4),
the thermite steel samples are heated above liquidus temperature. Further, coal matting (3) protects
the concrete from high temperatures from the graphite cylinder (4). Inside the closed alumina tube
(5) of the type Al23 by Friatec®, a protective argon atmosphere is used during the experiments.
At the frontal position A, a viewing glass is installed for optical observation. Furthermore, two steel
anges at positions A and B are water cooled during heating. A sample of the ceramic substrate (7) is
positioned on an alumina casing for a type B thermocouple (6a), which serves as the control element
during automatic heating of the oven. Temperatures presented in this work have been obtained from
8
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(6a). Another thermocouple (6b) of the same type is installed approximately 10mm above (6a) and
positioned directly behind the thermite steel sample (8), as shown in the right image of gure 2.1.
The apparatus in gure 2.1 is purged with argon gas at a main ow rate (MFR) of 1 lmin−1.
Both thermocouples have been manually welded from platinum-6 % and platinum-30 % rhodium
wire. Furthermore, each thermocouple is placed inside a protective alumina tubing for stabilisa-
tion. During run up, temperatures at the alumina tube wall (5) were approximately 100 K to 200 K
higher compared to the atmosphere temperature, due to the experimental set up. For evaluation of
the error of temperature measurement, a pure nickel cube sample with a feed size of 5mm, weigh-
ing 0.95 g and having theoretical melting point at 1728 K as stated in Kerfoot [42], is heated on an
rAl2O3 substrate sample, as listed in table 2.1. During this evaluation, thermocouples (6a) and (6b)
yielded an absolute error of measurement with respect to the theoretical melting point of −57.4 K
and −82.7 K, respectively. Heat transferred from the alumina tube wall (5) in gure 2.1 to the metal
sample through thermal radiation, inuences temperature measurement in (6a) and (6b) signicantly,
as shown by the deviation. Thermocouple (6a) yields a smaller absolute error at the melting point of
nickel, due to the fact that the protective alumina tube is open near (7). The protective alumina tube
for thermocouple (6b), however, is completely closed. Furthermore, in a second evaluation, 300 g Ni
is heated by a ramp of 20 Kmin−1 above liquidus temperature in a vertically aligned crucible inside
an oven with a graphite cylinder and induction coil. Thermocouples (6a) and (6b) were placed inside
the melt and the point of melting is evaluated from a change in temperature gradient of the heating
curve. In four heating-cooling cycles, the average absolute and relative error between measured and
theoretical melting point of nickel is calculated, yielding −7.3 K and −0.5 % for (6a) and −11.3 K and
−0.8 % for (6b), respectively.





Figure 2.2.: Substrate positioning and optical line during contact angle measurement.
The optical equipment consisted of a digital USB 2.0 CMOS camera with a resolution of 1024×768 px
and a eld of view of approximately 18.2 × 13.7mm, which yields a pixel size of 0.02mm. Also, an
Exakta Varioplan MC lens with a focal length of 75 to 300mm and aperture of 1 : 4.5 − 5.6 has been
used, with a schematic display of the optical arrangement shown in gure 2.2. The levelling of the
optical equipment is controlled with a striding level, positioned on the USB camera. No additional
lighting of the sample has been installed. Further, the substrate is slightly tilted over 2° towards the
camera to allow both edges (a and b) to be visible during observation. Otherwise, it could occur
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that edge (b) might block the view to the contact line (c) of the thermite steel droplet as shown in
gure 2.2.
Thermite steel is a low-alloyed steel containing 2.8wt% alloying elements and, as one of the prod-
ucts of the aluminothermic reaction (1.1), it is mainly used for the welding of railways. For further
information on the composition of thermite steel and various substrates, see tables A.3, in the ap-
pendix on page xiii; and 2.1, below. The thermite steel material for the CA measurements has been
taken from the top section of the riser of a solidied rail welding and 60mm in height from the steel
surface level. This section is then analysed using the spark spectrometer Foundry-Master from Ox-
ford Instruments. An analysis of the element pairs carbon-sulphur and nitrogen-oxygen has been
conducted using a carbon-oxygen analyser CS 244 and the G8 GALILEO oxygen-nitrogen-hydrogen
analyser, respectively. The base material is cut into cubes with a feed length of 5mm, cleaned in
an alcohol bath and stored with the substrate inside a desiccator. Furthermore, the thermite steel
sample weight is measured just before the CA measurement.
Table 2.1.: Composition of substrate materials in wt% with maximum working temperature Tmax.
No. Identier (ID) SiO2 Al2O3 Fe2O3 Na2O Tmax
1 wg-Al2O3-SiO2 60.5 30.7 4.1 3.9 1723 K
2 wg-SiO2 98.3 0.9 1.1 0.7 1723 K
3 rAl2O3 0.0 99.5 0.0 0.0 2223 K
Substrates 1 and 2, as shown in table 2.1, are being used during the AT welding process as wall
material for mould and crucible. Material 3 is a pure alumina produced by Friatec (AL23), which is
being utilized in a wide range of high temperature appliances. Waterglass-bonded substrates 1 and 2,
as listed in table 2.1, have a maximum working temperatureTmax, below which the waterglass binder
is stable and non-decomposing. The α-Fe2O3 component with a mass fraction of <5wt% is used as
a pigment, giving the mould and crucible a deep red colour. The waterglass binder content can be
summarized as Na2O, which is analysed using an X-ray spectrometer. Further, the composition of
substrates 1 and 2, as listed in table 2.1, shall be used as guiding values, as the industrial production
is subject to process-related variations. The underlay, made from waterglass-bonded materials wg-
Al2O3-SiO2 and wg-SiO2, has manually been formed and initially bound under a CO2 atmosphere,
before being cured in a drying cabinet at 473 K for 2 h. In gure 2.3, the waterglass-bonded substrate
surfaces of wg-SiO2 (top) and wg-Al2O3-SiO2 (bottom) are displayed under magnication. It can be
estimated that the largest silicon particles have a diameter of approximately 0.5mm, as shown in the
top-right image of gure 2.3. In contrast, Al2O3 particles adhering the SiO2 are small, as compared
to silicon oxide, and this can be estimated using the bottom-right image of gure 2.3.
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Figure 2.3.: Images of wg-SiO2 (top) and wg-Al2O3-SiO2 (bottom) substrate under a stereo microscope with
10x (left) and 40x (right) magnication.
After the thermite steel sample is placed and positioned, as shown in gure 2.2, inside the alumina
tube (5) of gure 2.1, the tube is purged with argon at the inlet near A with 1 lmin−1. The heating of
the sample up to 573 K is controlled manually and is followed by an automatic ramp of 20 Kmin−1 up
to 1823 K for wg-SiO2, and 1923 K for wg-Al2O3-SiO2 and rAl2O3. During measurement, the temper-
ature readings of (6a) and (6b) have been recorded. An oxygen volume ow rate of 5 × 10−12m3 s−1
in AFR at the inlet has been measured and assumed to be constant throughout heating. At the in-
let near position A, see gure 2.1, the oxygen content of the argon gas coming from the reservoir
amounts to 2.6 ppm and which is equivalent to a volume ow rate ÛVO2 of 5 × 10−12m3 s−1. This value
is measured using a Zirox SGM7 on AFR with a relative error of measurement of type B, as dened
by the Joint Committee for Guides in Metrology [39] and at normal pressure of <5 %. Further-
more, no additional cleaning of the argon gas has been carried out. Also, obtaining CA values of
thermite steel on mould wall materials as boundary condition for numerical simulations, an oxygen-
free atmosphere is not realistic, as the oxygen content accounts to 21 vol% under welding conditions.
Further, due to the low resolution of the optical equipment and the large pixel size, substrate struc-
ture and grain size, as shown in gure 2.3, a feed size for the thermite steel sample of 5mm has been
chosen. In gure 2.3, the porous surface structure of both waterglass-bonded substrates wg-SiO2
and wg-Al2O3-SiO2 are displayed. On waterglass-bonded substrates with surface pore diameters of
<1mm, a feed size of <5mm of the thermite sample might accelerate absorption into the substrate.
Prior to the experiment, the thermite steel sample mass was measured, yielding values ranging from
0.77 g to 1.04 g. Furthermore, the thermite steel droplet on the underlay was video recorded with a
USB camera and at specic temperatures, photographs were extracted from the recording. In each
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recorded photograph, the drop prole is reconstructed using the spline curve. Afterwards, the con-
tact angle is measured between contact line (c) in gure 2.2 and spline curve on the left and right side
of the droplet with the software package ImageJ. The minimum standard deviation of this measure-
ment method is estimated to be ±3° and lowest for rAl2O3, due to relatively high contrast between
thermite steel and underlay. For waterglass-bonded substrates, the estimation of the position of the
contact line and reading of the contact angle is more dicult due to low contrast of the images.
Experimental results
In this section, results of the contact angle measurements of thermite steel on waterglass-bonded
and pure alumina substrates are being presented and the inuence of atmospheric oxygen on the
wetting behaviour is investigated. Substrate 1 and 2 contain less than 5wt% iron(III) oxide pigment,
as shown in table 2.1. Wetting of thermite steel on all substrates is considered reactive wetting, as
stated in Eustathopoulos et al. [20], between iron, alumina and SiO2 of the underlay. The pigment is
reduced to iron(II,III) oxide and oxygen above 1473 K, obtained from Holleman et al. [33] following
equation (2.1)
6(α-Fe2O3) → 4 Fe3O4 + O2 . (2.1)
Oxygen ow rate measurements in the argon atmosphere have been carried out to detect possible
leakages of the experimental set up and to guarantee a closed-system behaviour. Furthermore, it
has been found that oxygen is released into the protective argon atmosphere due to the conversion
in equation (2.1), as shown in gure 2.4. During the measurements, substrates containing iron(III)
oxide pigment undergo a change in colour from red to black due to the reduction of α-Fe2O3 in equa-
tion (2.1). During heating, the oxygen content in AFR at the outlet of the oven is measured and the
maximum oxygen amount released into the argon atmosphere, displayed in gure 2.4, yielding (520,
150, 20) × 10−12m3 s−1 for wg-Al2O3-SiO2, wg-SiO2 and rAl2O3, respectively. However, the average
oxygen content released into the atmosphere for wg-Al2O3-SiO2 is higher than in case of wg-SiO2,
as seen in gure 2.4 (b), and this correlates the Fe2O3 content of 4.1wt% and 1.1wt% for substrates 1
and 2, displayed in table 2.1. In gure 2.4, the release of oxygen by the waterglass-bonded substrates
is evident, as the concentration begins to increase at approximately 1200 K reaching a maximum and
then decreasing to zero. As for substrate rAl2O3, the absorption of oxygen by thermite steel can be
observed in gure 2.4 (c) with an inlet ow rate for oxygen of approximately 5 × 10−12m3 s−1 mea-
sured in AFR. Higher amounts of oxygen at the outlet are due to the accumulation inside the alumina
tube (5) in gure 2.1, as shown in gure 2.4 (c), as a result of insucient purging with argon gas prior
to the measurement. Furthermore, thermite steel is capable of absorbing oxygen above 750 K, as seen
by an overall decreasing outlet ow rate with increasingT for wg-SiO2 in gure 2.4 (b). AboveTliq of
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thermite steel, both waterglass-bonded substrates 1 and 2 become unstable, due to a decomposition
of the binder. An oxygen content between 40 × 10−12m3 s−1 and 500 × 10−12m3 s−1 is released during
the reduction of iron(III) oxide, forming iron(II,III) oxide by equation (2.1), as displayed in gure 2.4
(a) and (b), and thus resulting in an instant oxygen saturation in the thermite steel surface. Above
Tliq, a dependence of the contact angle on temperature for substrates 1 and 2 has not been found.
The same holds for a possible link between the masses of substrates 1 and 2 and maximum oxygen



































Figure 2.4.: Oxygen content in oven atmosphere at the outlet of alumina tube during contact angle measure-
ment for substrates wg-Al2O3-SiO2 (a), wg-SiO2 (b) and rAl2O3 (c). Each line represents a heat-up
of the custom-built hot stage microscope during the contact angle measurement.
Contact angle measurement results are displayed in table 2.2 for all substrates in varying temper-
ature ranges. Listing θ for a xed temperature for all waterglass-bonded materials is sucient, as
the substrate becomes unstable above 1723 K, as the internal porous structure is altered by the de-
composing binder. In Chung et al. [15], it is stated that oxygen has a signicant inuence on the
wetting behaviour, including the ability to reduce the surface tension of liquid metals. This might
explain a linearly decreasing θ as a function of T in a range between 1723 K and 1837 K, with an
oxygen concentration of zero, as shown in gure 2.4 (c), supporting the assumption that oxygen will
be completely absorbed by thermite steel. This results in a decrease of θ (T ) as the surface tension is
reduced by an increasing oxygen concentration at the interface. This behaviour has been observed
for rAl2O3 as shown in gure 2.5. A noticeable eect on the contact angle by atmospheric oxygen
is visible for temperatures between 1723 K and 1837 K, through a linearly decreasing contact angle
from 132° to 102°, following the trend function in equation (2.2).
θ (T ) =

















θ (T ) = −0.27 °K−1 ·T + 597°
Figure 2.5.: Contact angle θ (T ) of thermite steel on pure alumina substrate rAl2O3.
At an atmospheric temperature of 1650 K, the oxygen concentration is zero, as shown in gure 2.4
(c). Therefore, the only oxygen source is through the continuous input with contaminated argon gas.
In a temperature range between 1825 K and 1975 K, the mean contact angle θ (T ) on rAl2O3 varies by
about 100°, with the standard deviation up to 7.2°. These results are in good agreement with the study
from Nakashima et al. [61]. Between 1837 K and 1980 K, it is assumed that the oxygen saturation
is reached at the thermite steel interface, as shown by a oscillating θ (T ) around an average value of
approximately 100° when the standard deviation is taken into consideration. The measurement of
the contact angle of thermite steel on waterglass-bonded Al2O3-SiO2 composite and pure alumina
substrates yields a type A uncertainty by the Joint Committee for Guides in Metrology [39].
Table 2.2.: Mean contact angle θ (T ) for waterglass-bonded Al2O3-SiO2 composites (1, 2) and pure alumina (3)
substrate with maximum standard deviation smax.
No. θ in ° T in K smax in °
1 134.0 1791 ±5.6
2 131.4 1732 ±3.5
3 −0.27 °K−1 ·T + 597° 1723 − 1837 ±6.1
102.7 1922 ±3.0
Further, the following systematic errors are considered to inuence CA measurements: inclination of
substrate and camera, which account to ±2°. In addition, reading errors are due to optical distortion
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and these depend on the type and focal length of the lens. Also, a low contrast between thermite
steel sample and substrate, as well as the optical resolution, yield a reading error of approximately
±3°. Additional uncertainties include internal ow in the sample through forced convection, which
is induced by an external electromagnetic eld and temperature gradients within the thermite steel.
These ow-induced uncertainties account to ±2°. Furthermore, as the gravitational force acts on
the sessile droplet, the contact angle may be altered by a attening of the sessile drop. A change in
surface curvature might be responsible for a change in θ under gravity. However, an inuence of
the droplet mass on the contact angle has not been proven, as stated in a study by Fujii et al. [24].
Moreover, due to the forced convection, an oxide lm may not be able to grow in the vicinity of the
steel substrate contact area.
In this chapter, the wetting behaviour of thermite steel, as a reaction product of the aluminothermic
reaction has been investigated on pure alumina and special crucible and mould wall materials, made
from waterglass-bonded Al2O3-SiO2 composites and containing a α-Fe2O3 pigment for colouring.
This data further provides missing material properties for the numerical simulation of the crucible
discharge and mould lling. The measurements have been conducted in a custom-built hot stage
microscope under a protective argon atmosphere. A low-content oxygen contamination of the input
gas reveals a linear decreasing contact angle on a high-purity alumina substrate as a function of
temperature. While mould and crucible materials release high amounts of oxygen due to a conversion
of α-Fe2O3 into Fe3O4, an inuence of T on the wetting behaviour could not be veried, since these
substrates become unstable by the decomposing waterglass binder above 1723 K.
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thermite pellets
As a preliminary investigation, the propagation velocity of the reaction front in compacted WT-100-
1 thermite pellets has been experimentally evaluated to enable predictions on the time duration of an
authentic thermite steel and alumina slag separation during the aluminothermic reaction. Following
the propagation front measurements, a combustion front quenching methodology has been applied
for SHS type reactions, namely, the aluminothermic reaction in chapter 4 on page 21, for investigating
the reactive separation of thermite steel, alumina slag and intermetallics. The separation is then
further investigated, numerically, in chapter 5 on page 30.
Self-propagating high-temperature synthesis
Following equation (3.1), redox reactions between a metal and metal oxide A and MO
A +MO → M +AO + ∆H 0R , (3.1)
which release high amounts of heat ∆H 0R can be summarised as self-propagating high-temperature
synthesis (SHS) type reactions. The transport of excess heat to areas containing unreacted material
will initialise the conversion locally forming the products M and AO . Therefore, the reaction front
propagates through the reactant material as a self-sustained process until the complete conversion
of the reactant. The aluminothermic reaction is considered an SHS type conversion in equation (1.1)
on page 4, controlled by the diusion of aluminium and heat into unreacted zones, as described in
Fan [21]. Further controlling mechanisms include grain size, and initial temperature and ratio of the
reactant material.
Within this work, temperatures of thermite steel and alumina slagTmelt of 2473.15 K directly after the
aluminothermic reaction are considered, thus being in good agreement withMei et al. [56], where an
adiabatic reaction temperature has been calculated. Furthermore, inMei et al. [56], the heat exchange
during the aluminothermic reaction is investigated, providing results for local temperatures at which
the reaction is initialized, accounting to 1233 K and 1333 K for Al and Fe2O3 particles in compacted
thermite. ∆H 0R of the aluminothermic reaction is therefore sucient to sustain the synthesis through
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a propagating combustion wave and due to high cooling rates of the CFQ set up with approximately
1 × 103 K s−1, as mentioned in Mukasyan et al. [60]. This methodology enables the capturing of the
structure formation and separation during SHS type reactions. Before continuing with a description
of the CFQ methodology in chapter 4 on page 21, results for the reaction front velocity in compacted
























Figure 3.1.: Schematic experimental set up used in the propagation front investigation in pressed thermite
pellets.
Compacting of the thermite pellets, with an outer diameter of 50mm, is carried out using 100MPa,
accounting to a compression force of approximately 193 kN. By considering the initial and resulting
height of 80mm and 47.20 to 48.0mm, respectively, the volumetric compression ratio lies between
40.0 and 41.0 %. Thermite of the type WT-100-1 has been used in the following experiments as well
as in the CFQ evaluation. During compression tests between 100MPa to 200MPa while using a pis-
ton of 80mm and 50mm in height and diameter, respectively, it has been shown that a maximum
volumetric compression of 40 to 41 % can be achieved. Thermite WT-100-1 consists of Al and Fe3O4
particles with a distribution in particle size ranging from 0.08mm to 2mm, accounting to an ap-
proximate density ratio of 1:2. Further, thermite pellets of 50mm in diameter were produced in a
mould under an isostatic press from Rucks Maschinenbau GmbH at the Institut für Keramik, Glas-
und Baustotechnik of the TU Bergakademie Freiberg.
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In gure 3.1, the schematic set up for the experimental evaluation of the propagation front in com-
pacted thermite is shown. Three sheathed thermocouples (TE1 to TE3) with Inconel mantle of type
K, class 1 and with a diameter of 1.5mm are placed inside the thermite pellet through boreholes. Each
thermocouple is shielded by a protective ceramic tube with an outer diameter of (3.4 ± 0.2)mm. The
mutual distance between the boreholes amounts to (10.0 ± 1.0)mm. Further, the signal of the ther-
mocouples is sampled with 100Hz by a National Instruments cDAQ-9171, with an NI 9213 module
connected via USB to a PC. For drilling of the brittle, compacted thermite pellet, a copper pipe under
circumferential tension, with two plastic plugs placed at the top and bottom of the pellet are used
to prevent spalling. Further, the copper pipe containing both the thermite pellet and the shielded
thermocouples is placed in a silicon oxide sand bed, which is further enclosed by a solid outer wall
of two chamotte half pipes and with a circular gap of approximately 15mm between copper and
chamotte. The gap is lled with waterglass-bonded MgO ramming mass to prevent an outowing of
steel and slag into the sand bed. Finally, the complete experimental set up for the investigation on
the combustion front propagation has been dried and cured inside a drying cabinet for 12 h at 333 K.
The propagation front velocity has been evaluated at three initial temperaturesTinit of the WT-100-1
thermite pellet, namely (297, 302, 322)K and depending on which, the cooling time of the set up was
adjusted appropriately. Before ignition, the propagation front set up was horizontally aligned in a
sand bed and the three thermocouples were connected to the NI 9213 module, which was connected
via USB to a PC. The ignition of the 50mm pellet was obtained using a hollow zirconium(IV) oxide
nozzle with dimensions as given in gure A.1 in the appendix on page v, which was placed centric
on the top surface above TE1, as shown in gure 3.1. This cylindrical nozzle is 31mm in height with
a lower and upper outer diameter of 41mm and 47mm, respectively. Further, the hollow cone has a
lower and upper diameter of 7mm and 13mm, respectively. The same ignition technique has been
used during the CFQ investigation. Upon reaching Tinit at TE1 to TE3, loose thermite powder inside
the hollow nozzle is ignited using a sparkler. Further, the recording of the thermocouple data was
initialised by using a DasyLab analysis program and with the temperature readings being written to
a le every 1 × 10−2 s. After the complete combustion of the pellet, the set up is cooling down and
the analysis recording is stopped.
Experimental results
From the temporal delay of an increase inT up to a reference temperature of 727 K at thermocouples
TE1 to TE3, the average propagation front velocity uy,PF in vertical direction has been approximated
for various initial temperatures of (297, 302, 322)K in a WT-100-1 thermite pellet. In gure 3.2, the
average propagation front velocity uy,PF shows a decreasing trend with increasing initial temper-
ature Tinit with a maximum of (13.1 ± 3.1)mms−1 at minimum initial temperature of 297 K and a
minimum of (8.6 ± 1.4)mms−1 at a maximum Tinit of 322 K. As a reference value in non-compacted
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WT-100-1 thermite, the reaction propagation speed amounts to 4.8mm s−1 which has been measured
by Goldschmidt Thermit GmbH. Here, a 1m straight casting channel has been lled with loose ther-
mite and ignited at one end. The whole reaction has been video recorded and based on the time



















Figure 3.2.: Average reaction propagation front velocity uy,PF in y-direction in pressed thermite WT-100-1
pellets at various initial sample temperatures Tinit.
Further, in Yi et al. [84], it is stated that the propagation front velocity is increasing with temperature
due to a higher magnitude of Brownian motion in molecules, as mentioned in Hänggi [30]. How-
ever, an overall decreasing average uy,PF cannot be explained by a higher frequency of collisions,
as stated in Trautz [75]. Another possible explanation for an overall decreasing uy,PF might be an
increased oxidation rate of aluminium particles in the compacted pellets. In a study of Schoenitz et
al. [71], it is stated that oxygen is more likely to escape powder mixtures than compacted pellets and
therefore this might increase the oxidation on reactant particles with increasing Tinit. In Durães et
al. [19], similar propagation front measurements in circular thermite pellets at a compaction pressure
of 200MPa have been conducted, yielding results for the radial combustion front velocity uPF with
optical methods. Here, the reactant powder is rather ne with a mean particle diameter for iron(III)
oxide of 2 µm. In comparison, WT-100-1 is rather coarse with a grain size distribution ranging from
0.5mm to 0.8mm. In the work of Durães et al. [19], various mixing ratios of Fe2O3 and Al have been
tested, and with an equivalence molar mass ratio of 1.0, a propagation front velocity of 29mm s−1 has
been obtained. However, the initial temperature of the thermite pellet is not mentioned and there-
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fore leaving the estimation of a potential temperature dependent uy,PF (Tinit) in compacted thermite
pellets unanswered.
Uncertainties of the propagation front evaluation in compacted thermite with the experimental set
up in gure 3.1 and with the results being presented in 3.2 include eccentric positioning and varia-
tions in spacing between the thermocouples, estimated to (10.0 ± 1.0)mm. Also, insucient contact
between the sheathed thermocouple and thermite pellet can inuence the temporal delay between
the thermocouples. An uncertainty of temperature measurement at Tref of 1000 K for a type K class
1 thermocouple amounts to ±2.908 K. Further uncertainties include variations in borehole depth,
which are estimated to (25.0 ± 2.0)mm. Prior to compaction, the lling of the moulding favoured
the separation of heavy and light reactant particles and therefore yielding an inhomogeneous distri-
bution throughout the pellet. In order to minimize the eects of the pouring separation, the powder
is mixed inside the moulding before compacting. Further uncertainties include variations in the grain
size of WT-100-1 powder and impurities due to production-based uctuations. The measurement of
uy,PF with the current set up methods displayed in gure 3.1 is error-prone due to the positioning
of the boreholes and thus yields a maximum relative error of +24 %, as indicated by error bars in
gure 3.2.
As a necessary evaluation prior to an estimation of the separation time by the combustion front
quenching methodology in compacted thermite, the propagation front velocity has been investi-
gated by using three type K thermocouples, embedded within a cylindrical thermite pellet. The
pellets have been surrounded by a ramming mass embedment and the whole set up has been cured
and dried inside a drying cabinet. A measurement at various initial temperatures of the experimen-
tal set up reveals a potential inuence on the propagation front velocity in compacted thermite. A
decreasing velocity of the combustion front has been observed with increasing initial pellet tem-
peratures between 297 K and 333 K, which is possibly caused by an increased oxidation rate of the
aluminium reactant particles.
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high-temperature synthesis
The combustion front quenching (CFQ) technique is an experimental methodology for investigating
evolutionary stages during self-propagating high-temperature synthesis (SHS) type reactions. A re-
action zone inside a massive copper block is quenched through the transport of excess heat away
from the reaction zone. Here, the reactant is contained inside the copper block in the form of a
downwards-pointing cone. CFQ enables the experimental investigation of temporal sequent stages
during SHS. In Cincotti et al. [16], heat transfer inside the reaction cone and copper block is be-
ing simulated numerically using two dimensions in space. Also, experimental investigations on the
microstructural formation and domain growth have been conducted in Cao et al. [13] by identi-
fying reaction products and intermetallic phases using scanning electron microscope (SEM) image
technology. SHS type reactions are characterised by fast conversion rates and the release of high
amounts of excess heat, making an investigation of the formation of intermediate products compli-
cated. The main goal behind the CFQ research within the scope of this research in the following
chapter on page 30, is the understanding of the separation dynamics during the aluminothermic re-
action of thermite steel, alumina slag and intermetallics with numerical methods. The investigation
of the time duration for a complete separation of aluminothermic products with a CFQ method is
presented in this chapter and thus serves as validation data for a numerical phase eld model in
section 5.2.1 on page 32 of chapter 5. Of great interest, both numerically and experimentally, is the
physical time for a complete separation of thermite steel and alumina slag after ignition of the ther-
mite powder. It is possible to predict the separation time numerically, depending on parameters of
the phase eld algorithm. These parameters, however, have to be veried experimentally and this
has been obtained through the CFQ evaluation.
Experimental set up
As CFQ test rig, a set up has been developed for the aluminothermic reaction which is based on in-
vestigations in Cincotti et al. [16] and Cao [13], as shown in a schematic and true-to-scale view in
gure 4.1. The CFQ rig consists of four hollow copper cylinder segments made of Cu-ETP (diameter
dCu = 120mm, total heighthCu = 158mm, total mass 13.8 kg). The internal prole is cone-shaped and
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to be lled with compacted thermite. The height of the upper three segments amounts to 40mm but
is restricted to 38mm for the bottom segment, which contains the tip of the cone. Due to construc-
tion, the internal cone is segmented into two parts, with respective diameters, heights and half-cone
opening angles as d0 = 40mm, d2 = 12.2mm, h0 = 116mm, h2 = 24mm, α0 = 7.07° and α2 = 14.26°.










































Figure 4.1.: Schematic and true-to-scale set up for the combustion front quenching (CFQ) experiment in a cop-
per cylinder, consisting of 4 segments with a downwards-pointing hollow reaction cone, which
contains compacted thermite at A, with four NiCr-Ni thermocouples labelled TE1 to TE4. Labels
F, 1, t1, t2, 2 and R indicate the approximate positions of the copper tubing, where cooling water
(CW) enters each segment at F with a temperature of 297 K and exits at R.
The ow schematics of the CFQ cooling circle can be described as follows. The cooling water enters
the top half of each segment at position (F), as shown in gure 4.1 and owing along the perimeter,
passing through (1) and leaving the upper half at (t1). It is then guided to the lower half, entering
at (t2), passing through (2) and nally leaving the segment at (R). Further, in each segment a type
K thermocouple is installed with an outer diameter of 1.5mm, vertically centred in each segment at
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20mm from the segment base and being positioned at a distance of 10mm from the internal cone
surface.
Several igniting techniques on compacted thermite have been tested prior to the CFQ experiment.
Most commonly used for the CFQ methodology is the ignition with an electrically heated wire, nor-
mally made from tungsten. Within the scope of this research, CrNi and Kanthal wires were connected
to a transformer yielding a high electric current as shown in the following gure 4.2. The wire tech-
nique is often used in literature researching SHS type reactions as in Cao et al [13], where a tungsten
lament is used. In preliminary tests, the heating wire is submerged in loose thermite powder, which
has been positioned on top of the compacted material as the ignition of a powder is easier to achieve.
Here, a CrNi wire with 0.9mm in diameter has been used and a successful ignition of thermite pow-
der at an electrical current of 40A to 45A could be achieved. A Kanthal wire of a similar diameter
of 0.95mm could not manage ignition as the wire melted outside the powder embedding. Inside the
powder, the heat from the electrical resistance of the wire is transported primarily by conduction,
while outside natural convection and radiation are considered to be the main transport mechanisms.





Figure 4.2.: Schematic set up during ignition tests with a resistive heating wire to ignite compacted thermite
pellets.
Another igniting method for compacted thermite is conducted on a pellet of 10mm in height and
40mm in diameter, which has been heated with an oxygen-acetylene burner. Here, the top surface
of the pellet is heated. However, a surface ignition could not be achieved with this method. Fur-
thermore, as soon as the material began to glow bright yellow, the pellet reacted instantly through a
thermal explosion as described in Yi [84].
Best results for the ignition of compacted thermite achieved a method similar to the one used dur-
ing the aluminothermic welding of rails. Here, an ignition rod is used, which has been specically
developed for the thermite process. For igniting the compacted pellet, a hollow zirconium(IV) oxide
nozzle, with dimensions as displayed in gure A.1 in the appendix on page v, and used for spray aer-
ation of steel at the IEST, is lled with loose thermite and is placed on the top surface of the pellet.
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The powder inside the nozzle is then ignited, thus initiating the reaction at the top surface of the
compacted thermite, before propagating to the bottom end of the reaction cone.
The overall compacting of the thermite for the CFQ set up has been obtained using a tempered
pressing cylinder and piston made from 100Cr6 steel, which is positioned above the top Cu segment.
A homogeneous compression of the thermite inside the reaction cone of the CFQ rig in gure 4.1
proved to be dicult to achieve. The softness of the copper contributed to the catching of Al par-
ticles at the cone surface during compression, increasing the friction between the reactant powder
and Cu. To counteract this diculty, the compaction has been conducted per segment and with
varying piston diameters to t the cone diameter. To achieve an equal compaction of the thermite
powder inside the cone, the pressing procedure is conducted in several steps with nal compaction
at 100MPa using the tempered pressing cylinder, obtaining a cone height of 140mm. The pressing
cylinder and the top Cu segment are designed with a notch and tongue for concentric alignment. In
preliminary compression tests on WT-100-1 thermite, the volumetric compaction has been measured
under a pressure of 100MPa. With a raw density of 2015 kgm−3, a 41 % volumetric compression has
been achieved for WT-100-1 thermite. Therefore, a nal compact density of 3388.5 kgm−3 has been
obtained and with a cone volume of 6.8865 × 10−4m3, a mass of 233.35 g of raw WT-100-1 thermite
is required to ll the reaction cone, when a pressure of 100MPa is applied. An initial compacting of
the thermite powder inside the cone is necessary to counteract the natural volume reduction during
the aluminothermic reaction, due to the density increase from reactant to product phases during
conversion in equation (1.1) on page 4.
The CFQ set up has been aligned horizontally and vertically and is placed inside a steel pan with the
water cooling hoses being protected from the reaction zone using steel sheets. The thermocouples
are then connected to the NI 9213 module, which is further connected to a PC via USB cable. The
temperature readings have been recorded and are written to a data le using a DasyLab analysis
module. Before recording, the water cooling is started, applying the required initial temperature of
297 K to the CFQ test rig. Upon reaching a homogeneous and stationary temperature throughout
TE1 to TE4, the hollow zirconium(IV) oxide nozzle is placed in the centre of the top surface of the
thermite cone and lled with loose thermite. The temperature recording is then started and the
thermite inside the nozzle is ignited using a sparkler. After the reaction, the CFQ set up cools down
to 297 K for extraction of the reaction product from the internal cone, which is then embedded in
cast raisin. After the cast has set, the reaction product sample is cut near the approximate rotational
axis using a diamond-wire saw for analysis.
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Experimental results
During the CFQ experiment, the temperature of four Inconel sheathed thermocouples of type K class
1 with 1.5mm in diameter were sampled with 100Hz by a National Instruments cDAQ-9171 analyser
with a NI 9213 module. Upon reaching 297 K in all four thermocouples, the ignition is initiated at the
top opening of a ZrO2 nozzle using an ignition rod. Temperatures recorded in TE1 and TE4 during
the propagation of the reaction front inside the compacted thermite are displayed in gure A.7 in the
appendix on page viii, where a maximum temperature has been obtained at TE1 and TE4, accounting
to 397.2 K and 321.8 K, respectively. Depending on the mass of thermite held by each segment, a
higher maximum temperature could be achieved during the experiment with a more distinct curve
progression. Temperature curves in gure A.7 on page viii have no reference to the actual ignition
as this point in time has not been determined.
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Figure 4.3.: Cross-section of the reaction product consisting of thermite steel, alumina slag, ZrO2 nozzle, and
cast resin with rule in centimetres for reference. Red lines indicate dierent segments as a result
of the separation. An approximate position of ignition is represented by the red and white point.
The time delay of reaching maximum temperature between TE1 and the following thermocouples
can be listed as follows: for TE1-2 as 6.5 s, TE1-3 as 2.19 s and for TE1-4 as 10.87 s, yielding a non-
sequential temperature increase from conducting the reaction heat through the Cu segment in radial
and vertical directions. This phenomena might be explained by a poor contact between the thermo-
couple and copper. As displayed in gure A.7 on page viii, the cooling of the segments below 310 K
could be achieved after approximately 100 s. As a result of the temperature readings, external cool-
ing of the copper segments might not be needed, as the maximum temperatures at a 10mm distance
from the reacting zone are kept well below the liquidus temperature of Cu. This can be conrmed by
pre-evaluation experiments of compacted thermite pellets with a diameter of 38mm in 10mm thick
copper plates without external cooling, in which the contacting surface between copper and reaction
product has been unaected by the heat of reaction.
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After reaction and cooling of the segments, the solidied reactant cone consisting of alumina slag,
thermite steel and intermetallics is extracted from the CFQ rig and embedded in cast resin. The em-
bedded product is cut with a diamond wire saw. The cut surfaces were then sanded using 800-grit
sandpaper. In gure 4.3, the surface of the CFQ product is displayed including thermite steel, alumina
slag, cast resin, zirconium(IV) oxide nozzle and a rule in centimetres for reference. Red lines indicate
various sections as a result of the reaction and separation during the aluminothermic reaction. The
yellow dashed line on the left side of the gure indicates the transition to the bottom Cu segment
holding the tip of the cone at which the cone opening angle changes. The complete cone length
accounts to 140mm and cone segment 1 stretches from the cone tip at 0mm to 7mm, indicating an
area of unreacted, compacted thermite powder, which remained in the tip of the copper segment af-
ter extraction. Further, a transition region is found in section 2 containing the phases thermite steel,
alumina slag and intermetallics. Further upwards inside the cone, section 3 in gure 4.3 indicates an
area containing primarily thermite steel and gas cavities. In this section, convective transport inside
the steel phase results in vertical and wavelike gas cavities between a height of 10mm and 40mm
during reactive separation. These are mainly due to temperature and concentration gradients. As the
most dense phase after the aluminothermic reaction, thermite steel tends to sink to the bottom of the
cone. Above the steel phase in section 4, a lighter slag phase is found, which contains larger gas cavi-
ties as compared to the steel phase below it. This is also due to higher solidication temperature near
2300 K within the high-content alumina slag phase as compared to thermite steel at approximately
1700 K and the reduced ability for the gas to escape. Further, almost two-thirds of section 4 is lled
with gas. This is due to the volume reduction during the aluminothermic conversion. Furthermore,
section 5 holds the zirconium(IV) oxide nozzle used for ignition of the compacted thermite with an
estimated position indicated by the red-white dot in the centre of the hollow nozzle core at a height
hcone of 140mm.
A possible prediction on the vertical quenching position, namely where the propagation of the reac-
tion stops, may be found in a ratio of chemical generated to extracted heat absorbed by the copper.
Therefore, a diagram for the volumeV to Cu and thermite contact area A has been developed for the
current CFQ set up as displayed in gure 4.1 on page 22 and which is shown in gure 4.4 on page 27.
The V /A ratio has been calculated by dividing the reaction cone into segments with a height ∆h of
2mm, since the width of the transition zone during the steel and alumina slag separation is similar
to this value as indicated in gure 4.5. As shown in gure 4.4, the volume to contact area ratio V /A
decreases linearly with decreasing dimensionless cone height h/hcone. At a height h of 24mm the
cone opening angle changes. Comparing the height of the unreacted powder, as shown in gure 4.3,
which accounts to 7mm, to the position whereV /A(h/hcone) ≈ 1 in gure 4.4 on page 27, an analyt-
ical quenching depth of 7.1mm can be obtained. Therefore, in the current CFQ test rig, the ratio of
V /A can predict an approximate position for the quenching depth in compacted WT-100-1 thermite.
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Figure 4.4.: Volume to Cu contact area V /A of the reaction cone segmented into 280 small frustums of 2mm
in height as function of the dimensionless height h/hcone from the point of ignition to the inter-
section at V /A = 1mm (a) accounting to a height of 7.1mm.
The volume to surface area ratio V /A may be used to interpret the location h/hcone at which the
aluminothermic reaction inside the cone is disrupted as a result of heat transported away from the
reaction zone. Even thoughV /A gives only a very limited view on the quenching ability of the CFQ
set up and the extent of the complex heat transport and reaction kinetics inside the cone, a volume
to contact area ratio of unity might only be used as a reference during the planning of a combustion
front quenching set up of SHS type reactions.
In gure 4.5, a magnied view of the tip of the reaction cone is shown with the zone left of the
dashed line of unreacted thermite powder of Al and Fe3O4, a transition region (TR) of thermite steel,
alumina slag and intermetallics and a homogeneous thermite steel region (TS). The position in z of
the interface of bulk thermite steel (TS) is indicated by three points (a), (b) and (c) in gure 4.5. For
the evaluation of the separation time during the aluminothermic reaction in WT-100-1 thermite, the
width of the transition region is measured at location (a), (b) and (c), as indicated by red arrows.
However, at the positions closest to the copper interface, namely (a) and (c), the quenching ability
is higher. Here, the thermite steel will quickly solidify after the aluminothermic reaction, while
convective transport is being quenched more intensively, as compared to the centreline position near
(b). Therefore, the distance between steel interface and reaction front, as indicated by a dashed line
and the positions (a) and (c) might represent the actual diusive separation more closely. At position
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Figure 4.5.: Magnied view of the cone tip as a result of the CFQ experiment with reactant and product phases
and the transition region (TR) containing thermite steel (TS) and alumina slag (grey) and inter-
metallics. The reactant-product interface is indicated by a dashed white line. Additional images
of the transition region near (a) and (b) can be found in gure A.4a and A.4b in the appendix on
page vi.
(b) an additional convective transport plays an increased role. Using the width of the transition region
in gure 4.5 at two locations (a) and (c) as indicated by red arrows, the time for the separation from
reactant powder below the dashed line to steel can be estimated by using an average propagation
front velocity at an initial pellet temperature of 297 K accounts to of (13.1 ± 3.1)mms−1. In the
vicinity of positions (a) and (c) in gure 4.5, the height of the transition region has been measured
normal to the steel interface, yielding hTR,a = (0.68 ± 0.05)mm and hTR,c = (1.10 ± 0.05)mm on
average including a reading error estimation. From an average overall width of (0.89 ± 0.05)mm, an
average separation time can be obtained with the propagation of uncertainty as dened by the Joint




= (6.8 ± 2.5) × 10−2 s (4.1)
for compacted WT-100-1 thermite powder at 100MPa and at an initial temperature of 297 K. The
separation time τ sep includes the uncertainty from the propagation front velocity measurements, as
presented in chapter 3 on page 16.
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In this chapter, an experimental set up for a CFQ methodology for SHS type reactions has been pre-
sented, namely the aluminothermic conversion. With this set up, the separation time in authentic
and compacted thermite has been investigated to be used for validation purposes of numerical phase
eld simulations on the steel and slag separation during the aluminothermic reaction. Yet, com-
plex physics and chemical kinetics make an estimation on the separation time dicult, especially in
loose thermite powder, where diusive separation mechanisms are drastically inuenced by the hy-
drodynamic ow of liquid product and intermetallic phases and the mixing with reactant material,
as described in Bulaev [8]. The positioning error from the propagation front velocity evaluation
seems to be inuential on τ sep, which has been discussed in chapter 3 on page 16. As the reactive
separation is a complex three-dimensional process of diusive, convective and reactive kinetics, an
investigation on a two-dimensional cut surface may omit information of the third spacial dimension.
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Any self-propagating high-temperature synthesis (SHS) type conversion, including the aluminother-
mic reaction (1.1) on page 4, undergoes a transformation from solid reactant to liquid as well as
gaseous product phases, as stated in Mei et al. [56], through the release of high amounts of reaction
heat. Diusive and convective transport mechanisms through a reactive separation have been in-
vestigated using a combustion front quenching (CFQ) experimental set up for compacted thermite
as described in chapter 4 on page 21.
The phenomena of spinodal decomposition of a binary system describes a non-equilibrium second-
order phase transition via the separation of a homogeneous one-phase system into a heterogeneous
two-phase mixture due to a change of an external parameter, e.g. temperatureT . A phase eld model,
based on the diusive Cahn-Hilliard equation, is used to numerically investigate the separation of
thermite steel and alumina slag during the aluminothermic reaction.
5.1. Fundamentals
A homogeneous binary mixture of phases X and Y , for which a miscibility gap exists within the
phase diagram, might separate into two distinct phases due to a change in environmental condi-
tions, e.g. when the temperature of the solution is quenched below a critical value Tc. This is valid
for a system with an upper critical solution temperature (UCST). In contrast, LCST (lower critical
solution temperature) mixtures separate as a result of increasing temperature. For clarication, a
schematic phase diagram for a UCST binary mixture is displayed in gure 5.1. Lowering the reduced
temperature quotientT /Tc , as given in gure 5.1, of a binary UCST mixtureX -Y below unity, the sys-
tem becomes unstable, resulting in nucleation and an eventual separation into two distinct phases.
Separation dynamics and structure formation also depend on the intensity of the quench and the
position within the phase diagram, resulting from a critical or o-critical quench. A critical quench
will result in the growth of wavelike phase domains, whereas an o-critical separation is character-
ized by the formation and growth of droplets as shown in Lamorgese et al. [47] and Vladimirova
et al. [79]. A droplet-like formation during o-critical quenches might be the result of the preceding
nucleation within the metastable region of the phase diagram. Here, newly formed phase regions
may be able to grow or shrink depending on the magnitude of concentration uctuations, as men-
tioned in Cahn et al. [12]. However, by crossing over the spinodal curve by a further reduction inT ,
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the system becomes unstable and will consequently separate into two distinct phases. Minimization
of the Helmholtz free energy potential f , as a function of temperature T , is considered the driving
force during spinodal decomposition. Within the spinodal, f (T ) has a double-well structure and thus
contains two minima at the points 1 and 4, as shown in gure 5.1, which further represent the phase






































Figure 5.1.: Phase diagram for a UCST binary mixture of phases X and Y as a function of concentration
cX containing a miscibility gap below a critical point Tc and the double-well structure of the
free energy potential f (c) for a constant temperature T = T1 inside the two-phase region where
spinodal decomposition occurs.
Mechanisms of microstructure formation of a binary mixture during spinodal decomposition have
been observed during a combustion front quenching analysis (CFQ) for the aluminothermic reaction
in Cao et al. [13] and Mei et al. [56]. Further, the process of microstructural evolution has also been
observed in other SHS type reactions, e.g. in an Al-Ti system, which has been investigated in Yan et
al. [83]. These results show that the physical phenomena of spinodal decomposition, mathematically
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described by the Cahn-Hilliard model, might present a tool for predicting the separation time of
steel and slag during an authentic aluminothermic reaction, utilized during the welding of railways.
5.2. Numerical model
5.2.1. Governing equations
A phase diagram for a UCST binary mixture is shown in gure 5.1 on page 31, with Helmholtz
free energy F as a function of the concentration c at a constant temperature T1. Here, F (c) has two
minima, which correspond to the two stable states inside the spinodal region of a binary phase seg-
regation. A homogeneous binary mixture of X and Y may undergo a second-order phase transition
by the Ehrenfest classication. First-order transitions, e.g. liquid-gas transformation or the magneti-
zation of ferromagnetic substances described in Ising [37], are due to a change in atomic spin at the
critical point and are not considered within this work. However, second-order phase transitions are
characterized by a continuous rst and discontinuous second derivative of Helmholtz free energy
F as in Blundell et al. [5]. With F being a measure for the thermodynamic potential of a closed
system of the internal energy U and entropy S at constant temperature T and volume V , as dened
in equation (5.1)
F = U −TS , (5.1)
theHelmholtz free energy density f and volumeV as an energetic potential during phase separation





A formulation for the free energy functional F [c] of an incompressible and isotropic binary system
has been proposed by Cahn and Hilliard [11] and which is also known as “model B” for conserved
elds with the concentration c , as mentioned in Bray [7]. Including the derivative of Helmholtz free
energy per unit volume f ′(c) and the gradient energy ξ (∇c)2 of the concentration c , the formulation





f ′(c) + ξ (∇c)2] dV . (5.3)
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A similar form has been proposed by Ginzburg-Landau for superconductors in Ginzburg [26]
and as an expansion of the original Landau theory [48] for critical phenomena in ferromagnetic
materials. Critical phenomena in binary uids use a dierent approach for the free energy to include
surface tension eects and the interfacial thickness, as described in Inamuro et al. [35] and [36].
The authors proposed a model for the minimization of free energy F for systems with high liquid-
gas density ratios. A binary system in thermodynamic equilibrium always tends to minimize f as
described in Donaldson et al. [18]. Another description of the free energy functional F [φ] with an













The free energy potential f (φ) inside the spinodal region can be represented as a double-well func-
tion, as mentioned in Donaldson et al. [18] with two minima representing the stable states of a
binary mixture
f (φ) = φ
2
4 (1 − φ)
2 (5.5)
and by using a one-dimensional equilibrium prole χ of a planar two-phase interface


















arctanh(1 − 2φF ) . (5.8)
Further, the phase fraction φ serves as an order parameter during the separation of a binary system
transitioning from a symmetrical homogeneous, to an ordered segregated state
φ = [0, 1] . (5.9)
InDonaldson et al. [18] a temperature-variant simplied energy density function (TVSED) has been
proposed, yielding the following expression (5.10) for the free energy potential f (φ)
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and withTR as the reduced temperature, which equals unity at the critical point, and zero below the
spinodal. A one-dimensional interface prole in x at equilibrium can be dened as follows






Further, the equilibrium prole χ can be dened as follows
χ = 2TR−0.5 ϵ(1 − 2φ) F1[b1,b2,b3,b4] , (5.12)
using identical parameters for F1[b1,b2,b3,b4] as the capillary width ϵ
ϵ =
ψ
2TR+0.5(1 − 2φF ) F1[b1,b2,b3,b4] (5.13)
with the function parameters for F1[b1,b2,b3,b4]
b1 =
1
2 , b2 =
1 +TR
2 , b3 =
3
2 , b4 = (1 − 2φF )
2 , (5.14)
using the mixing energy density λ
λ = 2TR+0.5σϵ F1[b1,b2,b3,b4]−1 (5.15)
and the following parameters
b1 =
1
2 , b2 = −
1 +TR
2 , b3 =
3
2 , b4 = 1 . (5.16)
In equation (5.13), φF is described as a ltering parameter, dening the extent of the interface. There-
fore, this parameter is usually set to 0.05 with φF ≤ φ ≤ 1 − φF and ψ as the width of the interface.
Further, a hypergeometric function F1 is dened by Donaldson et al. [18] as







(i + b1)(i + b2)
(i + b3)(i + 1) b4 , C−1 = 1 . (5.18)
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In contrast with the volume-of-uid (VOF) method by Hirt et al. [31], an additional diusive trans-
port term forφ is needed to account for diusive transport during the phase separation. This descrip-
tion is based on the equation (5.19) by Cahn and Hilliard et al. [11, 12], which represents diusive
and convective transport of an order parameter
∂φ
∂τ
+ ∇ · (uφ) = −∇ · (M∇µ) (5.19)
and containing the divergence of the mobility M and the gradient of the chemical potential µ as
µ = −δF [φ]
δφ
. (5.20)
In equation (5.20), the chemical potential µ is expressed by the Dirac δ -distribution of Helmholtz
free energy functional F [φ] in equation (5.4). During spinodal decomposition, various diusive and
convective transport phenomena shown in gure A.3 in the appendix on page vi are considered,
namely bulk diusion, surface diusion and hydrodynamic ow. Hydrodynamic ow occurs only in
uid phases where surface forces arise from the minimization of the interfacial area inside the uid
domain. Further, surface diusion only aects particles in the near vicinity of an interface, whereas
bulk diusion, coupled with convective transport of a binary X -Y system (ϱX , ϱY ) might only
be relevant for particles having a critical radius R and with a distance of ∼ R to identical phase
regions during late stages of spinodal decomposition. However, due to surface diusion, the size of
the particles increases and in systems without density variations (ϱX = ϱY ) the distance between the
particles might decrease with time. In binary systems, for which surface diusion is dominant over
bulk diusion, M can be described by a critical mobility Mc , which has been introduced in Langer
et al. [49] as
M = Mc |φ(1 − φ)| . (5.21)
Further, in Donaldson et al. [18] a diusive Courant number Cod is introduced as





which is dened in the source code of phaseFieldFoam in the Gitlab repository [81] as the maximum of
the surface normal gradient eld ∇⊥faφ, as described in the OpenFOAM user guide [64]. The gradient




ϵ2∇(∇2φ) − ζ (φ)∇φ) . (5.23)
35
5. Reactive separation of steel and slag
Furthermore, the numerical handling of the diusive ux −∇µ from equation (5.23) is discussed
further below. The second derivative of the free energy potential ζ (φ) in equation (5.23) yields for
the TVSED method
ζ (φ) = (1 +TR){TR − (4TR + 2)[φ(1 − φ)]}|φ(1 − φ)|TR−1 . (5.24)
The diusive ux with the mobility parameter yields
M∇µ = Mc λ
ϵ2
pos[φ(1 − φ)]{[φ(1 − φ)]ϵ2∇(∇2φ) − ζ (φ)∇φ} (5.25)
and with return values of pos[φ(1−φ)] = 1 for φ(1−φ) ≥ 0 and zero for φ(1−φ) < 0. The term ζ (φ)
is called “restorative diusivity” in Donaldson et al. [18], where numerical instabilities arise when
the condition TR < 1 is met. Therefore, a more stable approach for ζ (φ) and TR < 1 has been found
with
ζ (φ) = (1 +TR)(TR − (4TR + 2)[φ(1 − φ)])|φ(1 − φ)|TR . (5.26)
The diusive and convective ux in equations (5.25) and (5.19) are approximated in phaseFieldFoam
using a fourth-order Runge-Kutta algorithm of four temporal slope functions at the current time
step, which are dened as −∇ · (M∇µi ) − ∇ · (uφi ). Further information regarding the discretisa-
tion of the diusive ux can be found in the digital annex of Donaldson et al. [18]. Combining


















which evaluates the maximum function on the surface normal gradient eld ∇⊥faφ, similar to equa-
tion (5.22). With the help of the phase eld equations (5.19), (5.25) and (5.27), a diusive interface
tracking methodology through a TVSED function has been derived in the work of Donaldson et
al. [18] for binary uid systems. Using the TVSED method, momentum conservation (5.29) and con-
tinuity equation (5.28) of an incompressible uid yield













+F ex . (5.29)
36
5. Reactive separation of steel and slag
Therefore, the Navier-Stokes-Cahn-Hilliard approach in phaseFieldFoam, which can be found in
theGitlab repository [81], incorporates equation (5.28), (5.29) and (5.19) to account for conservation
of mass and momentum and the diusive and convective transport of an order parameter φ. Further,
transport properties are being calculated through equations (6.4) and (6.5) and gravitational forces
ϱд are included within a term for external forces F ex while surface forces are included in F s which







|∇φ |∇φ . (5.30)
Further, the capillary force F
ca
minimizes the energy stored at the interface, while being equal to
the gradient of the free energy F , as described in Hohenberg et al. [32]
−F
ca







5.2.2. Phase field model
Phase eld methods, as described in section 5.2.1 on page 32, incorporate a diuse-interface method-
ology in contradiction to sharp-interface algorithms, e.g. the VOF model by Hirt et al. [31]. The
computational cost of phase eld simulations is relatively high compared to VOF calculations, ac-
cording to Qin et al. [67], due to an additional Runge-Kutta evaluation of the slope functions of the
diusive and convective ux in equation (5.19), as described in a study by Donaldson et al. [18].
Within the validation section on page 39, it will be shown that both methods - VOF and the phase
eld - can correctly predict the collapse of a 2D water column during a dam-break. Furthermore, the
phase eld model is capable of simulating additional diusive transport during the phase segregation
inside the miscibility gap of the phase diagram.
The original source of phaseFieldFoam by Donaldson et al. [18] contained an additional precondi-
tioner running prior to the actual phase eld solver. For simplication, preconditioner and solver
were combined in phaseFieldFoam, running the conditioner step initially. During the precondition-
ing, all necessary procedures for the approximation of the phase fraction φ are solved without the
momentum transport in equation (5.28) and (5.29). The phase eld algorithm by Donaldson et
al. [18] solves the convective and diusive ux of the Cahn-Hilliard equation (5.19) at each time
step using a fourth-order Runge-Kutta numerical scheme and before applying the PISO (pressure-
implicit with splitting of operators) algorithm to approximate the momentum transport.
Several modications and corrections to the original source code of the phase eld solver and precon-
ditioner from Donaldson et al. [18] have been made and are documented on Gitlab [81]. Compar-
ing original source and documentation, two signicant dierences were found in the le UEqn.H,
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where the dynamic viscosity η is declared as a function of ϕ and referenced as twoPhaseProper-
ties.muf(gamma). In the original source code, the variable gamma represents the phase fraction
φ. However, in the digital annex of Donaldson et al. [18], the dynamic viscosity is “based on an
intermediate value of φ” reading
ϕi+0.5 = 0.5 (ϕi + ϕi+1) . (5.32)
Furthermore, the formulation for the surface forceF
s
in equation (5.30) from Donaldson et al. [18]
varies from the original implementation in such a way that λ has a dierent leading sign, and thus
yields non-physical results during phase eld simulations.
Model-specic parameters of the phase eld algorithm of phaseFieldFoam are found in the trans-
port property dictionary inside the case folder in ./constant/transportProperties and these include:
lterAlpha, thickness, Tr, mobilityCourant and theta. The ltering parameter lterAlpha φF in equa-
tion (5.13) denes the interface by a lower and upper bound of the phase fraction φ, as described
in Donaldson et al. [18]. Further, the thickness ψ is generally set to equal a width of six compu-
tational cells. Therefore, for binary mixtures using the phase eld model, the phase interface is
resolved with six computational cells. However, this leads to the limitation that physical boundaries
of steel and slag systems with a physical thickness of two to three atomic layers, as mentioned in
Muhmood [59], cannot be resolved for engineering problems using current hardware. Further, Tr
represents the reduced temperature TR , which is given in equation (5.10). Furthermore, the variable
mobilityCourant represents the diusive Courant number Cod, dened in equation (5.22). Interfa-
cial gradients at the boundary between uid phases and domain walls are specied by theta, which is
dened in the source code of twoPhaseMixture.C. As solver conditions for phase eld simulations, the
temporal discretisation is obtained using a rst-order accurate Euler scheme. In addition, gradients
of numerical elds are approximated using a second-order linear scheme. Approximations of the
laplacian, surface-normal gradients and the interpolation between values is obtained using standard
OpenFOAM solver conditions. Only for the convective acceleration, a Gauss linear upwind scheme
is used, which sets an explicit correction based on the cell gradient of the local ow velocity u, as
described in a study by Warming et al. [80]. Furthermore, the numerical solution is controlled using
a residual limit of 1 × 10−8 for pressure and velocity elds, while using the preconditioned conjugate
gradient solver (PCG) and the generalised geometric-algebraic multi-grid preconditioner (GAMG)
with a simplied diagonal-based incomplete Cholesky (DIC) smoother.
For phase eld simulations, a laminar two-phase ow regime is considered. Further information on
the numerical procedure in phaseFieldFoam can be obtained from the digital annex in a study by
Donaldson et al. [18]. Also, the source code of the two-phase phase eld model phaseFieldFoam is
available on Gitlab [81].
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5.3. Validation and verification
5.3.1. Parameter and grid sensitivity analysis
A variation of the phase eld parameters as described in section 5.2.2 on page 37 will be evaluated
using a cubic domain with an edge length of 100mm. The computational grid is built using 100 ×
100 × 1 hexahedra cells in x-, y- and z-directions, respectively. The phase eld is initialized using a
random normal distribution for φ within the interval between zero to unity, and thus representing
the phases of thermite steel and alumina slag. For a 2D reference case of the spinodal decomposition
of a thermite steel and alumina slag binary mixture, the following parameters are used: Cod = 0.01
andCo = 0.01 for the diusive and convective Courant number as well as φF = 0.05 as the ltering
parameter, the reduced temperature has been set toTR = 0 and θ is set to 60° for the boundary slope
calculation, while the thickness of the interfaceψ is equal to 6 × 10−3m.
During a variation of Cod, all other parameters are kept constant and thus resulting in a secondary
variation of the ratio between convective and diusive Courant number Co/Cod between 0.1 and
10, with the results being displayed in gure 5.2 for selected times τ . For a reference case, a Co/Cod
ratio of unity applies. The results for varying Courant number ratios in gure 5.2 show clearly that
during the early stages of the phase separation, the diusive ux is limited for Co/Cod > 1. During
these stages, the diusive ux is dominant over the convective transport mechanism, as discussed
in section 5.3.3 on page 47. The interface tends to be more diusive with an increasing Co/Cod ≥ 1,
as evidenced by signicant and increased mixture phase regions for which 0 < φ < 1 is valid. These
regions are still visible for Co/Cod > 1 during the nal stages of the 2D separation at a time of 1 s.
A signicant distinction between 0.1 and 0.2 in gure 5.2 on page 41 has not been found as both
phase eld sequences are almost identical. At a ratio of 0.1 and at a time of 0.05 s, interfacial regions
seem slightly farther contracted due to an increased inuence of F
s
, as compared to 0.2. Yet, for
the thermite steel and alumina slag system, as shown in gure 5.2, a very diusive interface with
Co/Cod ≥ 2 seems unrealistic during separation.
Results of a variation in the parameter for interfacial width ψ from 3 × 10−3m to 6 × 10−3m are
displayed in gure 5.3 for selected times during a thermite steel and alumina slag separation on a
two-dimensional computational grid. Investigating a physical time of 0.005 s, the enhanced smearing
of the interface with increasing ψ is clearly visible, and when comparing to the random normal
distribution of the initial φ eld, as shown in gure A.2 of the appendix on page v, it is evident that
the ability of ψ to resolve the inital domain microstructure in gure A.2 decreases with increasing
ψ . Further, the overall domain size during the phase separation behaves proportional to the value of
ψ as shown in gure 5.3.
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In the previous paragraph, the Courant number ratio Co/Cod has been analysed while keeping
Co constant by varying Cod, for which the simulation results showed a signicant inuence. Fur-
ther investigating, results for a variation in Co and a constant Cod are displayed in gure 5.4 on
page 43, in which Co/Cod varies between a minimum and maximum of 0.1 to 10, respectively. Yet,
being unable to distinguish between the microstructural evolution for ratios Co/Cod greater unity,
namely 5 and 10, Co/Cod < 0.5 shows an increased domain growth rate at later stages during the
two-phase separation. A variation of Co shows almost no eect on the microstructural evolution
between 0.005 s and 0.2 s, since during early stages of the phase separation, transport mechanisms
are diusion dominant, as discussed in section 5.3.3 on page 47.
As another phase eld model coecient, the parameter lterAlpha has not been modied from the
value suggested byDonaldson et al. [18]. The same is true for the transport parameter thetawhich is
used during the contact angle slope calculation in phaseFieldFoam and thus only aects the curvature
at the touching point of interface and domain walls. An inuence of the parameter θ on the overall
separation time and microstructural evolution has not been found. Therefore, φF and θ are not part
of the parameter sensitivity analysis.
For the simulation of a thermite steel and slag separation, a reduced temperature TR = 0 has been
chosen, as it represents the non-equilibrium state within the spinodal region of a phase diagram,
as shown in gure 5.1 on page 31. At the critical point of the coexisting curve TR equals unity.
However, it has not been validated if such a state exists within the investigated system of thermite
steel and alumina slag. Further, it is not clear if a homogeneous one-phase state outside a hypothetic
miscibility gap actually exists for these phases.
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τ = 0.005 s
τ = 0.05 s
τ = 0.1 s
τ = 1 s
Cod = 1 × 10−3,
Co/Cod = 10
Cod = 5 × 10−3,
Co/Cod = 2
Cod = 1 × 10−2,
Co/Cod = 1
Cod = 5 × 10−2,
Co/Cod = 0.2
Cod = 1 × 10−1,
Co/Cod = 0.1
Figure 5.2.: 2D phase eld simulation of a thermite steel (red) and alumina slag (blue) separation for selected
times τ with a variation in Cod as part of the parameter sensitivity analysis while Co = 0.01 is
kept constant.
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τ = 0.005 s
τ = 0.05 s
τ = 0.1 s
τ = 1 s
ψ = 3 × 10−3m ψ = 4 × 10−3m ψ = 5 × 10−3m ψ = 6 × 10−3m
Figure 5.3.: Variation of the interfacial thickness ψ between the original value of three cells with ψ =
3 × 10−3 m for a 2D cell width of 1 × 10−3 m up to six cells withψ = 6 × 10−3 m.
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τ = 0.005 s
τ = 0.05 s
τ = 0.1 s
τ = 0.2 s
τ = 0.5 s
τ = 1 s
Co/Cod = 0.1 Co/Cod = 0.5 Co/Cod = 5 Co/Cod = 10
Figure 5.4.: Inuence on a 2D separation from a variation of the Courant number ratio Co/Cod for a two-
phase system of thermite steel and alumina slag. During this study, the convective Courant
number Co = 0.01 is constant and Cod is varied.
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Comparing the original case with 100 cells in x- and y-directions to the results of a mesh with twice
as many cells and withψ being equal to 3 × 10−3m, a mesh dependence on the overall 2D separation
time has not been found, as shown in gure 5.5. A signicant inuence on the initial φ eld can be
obtained by a variation in mesh size, as shown in both cases at τ = 0 s. During the early and later
stages of the separation, the width of the developing microstructures is similar for both meshes,
namely 100 and 200 cells in x and y-direction. At a physical time of 1 s, the interface is more curved
when using 200 cells within the 2D spacial dimensions, than when compared to a coarse mesh.
However, the two-phase separation is almost complete in both meshes for this evaluated time.
τ = 0.0 s τ = 0.1 s
τ = 0.5 s τ = 1.0 s
ψ = 3 × 10−3m,
100 cells
ψ = 1.5 × 10−3m,
200 cells
ψ = 3 × 10−3m,
100 cells
ψ = 1.5 × 10−3m,
200 cells
Figure 5.5.: Results from a 2D parameter variation of the mesh size from 100 to 200 cells in x- andy-directions
with a change in the interfacial thicknessψ for various solution times τ .
A parameter combination of ψ = 3 × 10−3m and Co/Cod = 1 during the early stage of the separa-
tion at 0.005 s in gure 5.2 causes the smearing of the interface due to diusive transport of small
phase domains through the bulk phase and the inability to resolve the initial interface, as shown
in gure A.2 of the appendix on page v. Microstructural evolution during early and late stages of
the spinodal decomposition of thermite steel and alumina slag show a dependence on Cod andψ , as
shown in gures 5.2 and 5.3 on page 41 and 42, through the extent and presence of mixture regions.
Relevant to notice is that the two-phase system at 1 s in gure 5.2 and 5.3 is at an almost identical sep-
arated state. However, the intensity of interfacial motion diers throughout the parameter variation,
yet having no relevance to reality in a two-dimensional simulation. Therefore, it can be assumed that
the varied parameters within this study aect the overall separation time only to a minimal extent.
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Microstructural evolution and rate of growth of phase domains of the current system of thermite
steel and alumina slag can only numerically be estimated using a phase eld model without any fur-
ther experimental investigation on the intermediate stages due to diusive and convective transport
mechanisms. The experimental investigation with the CFQ method in chapter 4 on page 21 is in need
of higher resolution of the temporal stages of the separation during the aluminothermic reaction. An
eect on the separation time for the 2D test case, as shown in gure 5.5, has not been proven. The
overall separation time is slightly dependent on the grid size, as shown during the later stages of the
two-phase separation, as domain and microstructure are similar in width when using a coarse and
ne mesh.
5.3.2. Evaluation of parasitic currents
The magnitude and a possible reduction of spurious currents at the diusive interface due to the
surface force approximation F
s
in equation (5.30) on page 37 proposed by Kim [44] is going to be
investigated within this section. The surface force model has been implemented in phaseFieldFoam
by Donaldson et al. [18] and further optimized and validated within the scope of this thesis. In
Donaldson et al. [18] it is stated that for a TR = 0 a percentage of 92 % of the interfacial forces are
distributed over 5.2 cells across the interface and thus F
s
will be underestimated when using less
cells forψ . As shown by the parameter sensitivity analysis in section 5.3.1 on page 39, the interfacial
region is becoming increasingly diusive with increasingψ .
A 2D laminar test case of a slag bubble suspended in a bulk steel phase in a zero-gravity environment
has been set up. For the computational domain a cube with a feed size of 20mm and 150 cells in x-
and y-directions has been chosen. A slag droplet is positioned at the centre of the domain with an
initial diameter dinit of 5mm. During the evaluation, solver parameters have been varied and their
inuence on the velocity magnitude has been studied.
Table 5.1.: Variation of solver parameters during the evaluation of spurious currents in a 2D test case of a slag
bubble suspended in a bulk liquid steel phase, which is simulated with phaseFieldFoam.
Case no. 1 2 3
ψ m 4 × 10−4 4 × 10−4 8 × 10−4
Cod - 0.01 0.001 0.01
Co - 0.01 0.001 0.01
φF - 0.05 0.05 0.05
TR - 0 0 0
In conclusion to the results of the 2D parasitic currents evaluation in gure 5.6, the droplet position
is stable throughout the investigated time of 1 s and with maximum uP between 4.5 × 10−2ms−1
and 6 × 10−2ms−1, spurious velocities are oscillating without an observable increase in amplitude.
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In contradiction, an unstable slag bubble and an increasing amplitude in uP during a 2D simulation
has been observed using a VOF approach in multiphaseInterFoam, as described in section 6.2.3 on
page 71. Comparing both evaluations, the approximation ofF
s
with the phase eld solver generates
spurious currents uP of higher magnitude as compared to the VOF solver for an identical test case.
An increase of the interfacial width by varying the parameter ψ , however, yields a reduction of the






















Figure 5.6.: Maximum parasitic velocity uP over simulation time τ of the phase eld solver phaseFieldFoam for
three 2D test cases of a slag bubble suspended in bulk liquid steel with varying solver parameters,
as listed in table 5.1.
A relevant parameter for evaluating the ability to damp spurious currents within liquid phases is the
dimensionless Ohnesorge number Oh [63], which describes the ratio between viscous forces and





yielding 8.681 × 10−3 and 3.601 × 10−4 for the slag and bulk steel phase, respectively. Thus, in liquids
with Oh  1, surface and inertia forces are dominant over viscous forces and the ability to damp
parasitic ow at the interface is reduced. In Donaldson et al. [18], spurious currents were also in-
vestigated for the newly developed phase eld solver. Here, dierent uids have been used, yielding
varying transport properties as compared to the steel and slag system. With Oh > 1 parasitic veloc-
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ities in Donaldson et al. [18] account to a maximum of 2 × 10−4ms−1. Further, a reduction of the
diusive and convective Courant number Cod and Co of one order of magnitude yields a decrease
of the maximum uP by approximately 1 × 10−2ms−1. However, Cod and Co of 0.001 also increase
the computational eort signicantly, through reducing the average time step size from 1 × 10−5 s
for Courant numbers of 0.01 to 2.1 × 10−6 s.
Yet, for a set of transport parameters of thermite steel and alumina slag as presented in the appendix
on page i, maximum parasitic currents of 5.5 × 10−2ms−1 have been obtained during various two-
dimensional phase eld simulations of a bubble suspended in bulk liquid. This is due to insucient
damping capabilities as indicated by Oh  1 of the liquid phases.
5.3.3. Verifying domain growth through scaling laws
Domain growth of a phase X within a bulk uid Y during spinodal decomposition is described in
section 5.1 on page 30 by diusive transport as a result of the minimization of the free energy po-
tential f . Further, an increase of phase areas through a variety of diusive mechanisms is known by
the term uphill diusion against a concentration gradient. Within the spinodal region of the phase
diagram in gure 5.1 on page 31, the free energy potential shows a concave progression, and thus
yields a negative second derivative for f . From Fick’s rst law [23], the chemical diusion coecient





yielding DX < 0 while for the atomic mobility, M > 0 applies within the spinodal region, as men-
tioned in Cahn [10]. In this section, the diusive growth of a three-dimensional bubble in zero
gravity is simulated with the phase eld solver phaseFieldFoam. The diameter of the bubble is used
as characteristic length L(τ ) and compared to the veried scaling laws of the form
L(τ ) ∝ τ β (5.35)
with a varying scaling exponent β , depending on the dominant transport regime: diusive, viscous
or inertia, during the phase segregation which is further described in Thakre et al. [74]. Within the
diusive regime, the characteristic length of a phase domain is proportional to τ 1/3, which is based
on a study by Lifshitz et al. [52] during conserved, non-hydrodynamic phase-ordering kinetics,
as mentioned in Furukawa [25]. However, during viscous transport, which follows the diusive
regime, the size of a phase domain is proportional to a linear increase in time β equals unity shown
in Siggia [72], where the transition from diusive to viscous regime was investigated.
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In section 5.2.2 on page 37, it is mentioned that the interfacial widthψ in multiphase systems is very
thin. This value should also apply to the separation of the binary thermite steel and alumina slag
system which is the subject of this thesis. Yet, the diusive interface model by Cahn and Hilliard
using equation (5.19), utilises the capillary width ϵ and the mixing energy density λ etc. as functions
of ψ during the transport of the interface. However, a limit for the resolution of the interface is
needed in order to obtain accurate numerical results and reduce computational eort. In Yue et
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Figure 5.7.: Normalized characteristic length L∗ = d/dinit using the droplet diameter d as a function of time
τ compared to dierent exponents β for the scaling laws of the form L∗(τ ) ∝ τ β in Thakre et
al. [74] during spinodal decomposition.
However, without the knowledge of a valid range for the atomic mobility parameter M for a thermite
steel and alumina slag system at Tmelt, an estimation for the capillary width ϵ of the sharp-interface
limit from Yue et al. [85] is dicult to obtain; even with an estimated diusivity D in a range from
1 × 10−5 cm s−1 to 1 × 10−3 cm s−1, as mentioned in Belashchenko [4] and Maurakh [55].
As a three-dimensional verication of the domain growth during spinodal decomposition, a CFD
case of a cube with a feed size of 0.1m and a bulk phase fraction φ of 0.45 and 0.55 inside the bubble,
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accounting to a mixture of liquid thermite steel and slag has been set up. The bubble, having an initial
radius of 0.01m is positioned in the centre of the three-dimensional domain with 50 hexahedra cells
in every spacial direction. The following parameters were applied to the phase eld simulation using
a ltering parameter φF of 0.05, ϵ of 6 × 10−3m and spreading the interface over 3 cells, a reduced
temperature TR = 0 and a diusive Courant number Cod accounting to 0.01.
During the diusive and viscous transport regimes whenα equals 1/3 and 1, the curve progression for
the dimensionless length L∗ normalized with the initial droplet diameter can be obtained as shown
in gure 5.7. The progression of the droplet growth prior to 0.6 × 10−2 s yielding L∗ ∝ τ 1/3 is in
good agreement to Thakre et al. [74] within the diusive regime during phase segregation, whereas
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Figure 5.8.: Initial position and schematics set up of the water column (light grey) for a two-dimensional
dam-break case of a water-air system.
A simple validation case for multiphase simulations is the dam-break case, in which a liquid column
collapses due to a gravitational force acting on the system. One experimental investigation on this
topic is the study fromMartin et al. [54], in which a water column with an initial width a and height
n2 a is considered. A dimensionless leading-edge position Z = zl/a as a function of time τ and the
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dimensionless time τn is given in equation (5.37).





For the validation of the two-phase dam-break simulation as shown in gure 5.8, experimental re-
sults from Martin et al. [54] for n2 = 2 were considered. The numerical simulation of the two-phase
dam-break using a domain width and height L and h of 0.46m and 0.66m, respectively, was con-
ducted once with the phase eld solver phaseFieldFoam and also with the two-phase OpenFOAM
solver interFoam. Experimental and numerical results from Martin et al. [54] and the two solvers
are evaluated and discussed. Numerical results have been obtained at a laminar state and on a hex-
ahedral mesh with 210 cells in y-direction and 140 in z-direction. In both 2D simulations, a static
contact angle between the liquid, gas and solid walls is dened as 90°. All surrounding walls of the
2D computational domain use a slip boundary condition for the velocity eld u. Furthermore, a
Courant number Co = 0.01 has been used in both solvers. For general VOF solvers like interFoam,
a value for Co < 0.5 should guarantee a stable and convergent solution [68] and therefore, during
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Z
τn
phaseFieldFoam, a = 0.114m
interFoam, a = 0.114m
Martin et al. (1952), a = 1.125 in
Martin et al. (1952), a = 2.25 in
Koshizuka et al. (1996), a = 0.146m
Figure 5.9.: Dimensionless leading-edge position Z (τn) for a two-dimensional dam-break case with experi-
mental data from Martin et al. [54] and Koshizuka et al. [46].
Results of the 2D validation simulations are displayed in gure 5.9 with experimental results for col-
umn widths a of 1.125 in and 2.25 in with a height of 2a. Both solvers, interFoam and phaseFieldFoam
are in good agreement to the results of Z (τn) from Martin et al. [54], as shown in gure 5.9. Ex-
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perimental data on Z (τn) from a study by Koshizuka et al. [46] begins to diverge for τn > 2 from
numerical and experimental data of Martin et al. [54], as shown in gure 5.9. At τn = 1.2, inter-
Foam and phaseFieldFoam yield Z = 1.73 and 1.63 when comparing to the experimental value of
1.44. Overall, the phase eld solver shows smaller deviations from the experimental data of Martin
et al. [54], while for τn > 2.25, the dimensionless leading-edge position Z (τn) converges faster. In
contrast, the deviation between the experimental and numerical results from interFoam increases
with τn .
5.3.5. Combustion front quenching evaluation
In this section, a 3D simulation using the phase eld solver phaseFieldFoam is conducted on the CFQ
results of chapter 4 on page 21 of compacted WT-100-1 thermite inside a water-cooled copper block.
An experimentally obtained separation time, dened by the transition region between unreacted
thermite powder and fully separated steel will be compared to the numerical results of a 3D phase
eld simulation of the separation of thermite steel and alumina slag within the transition region in
section 2, as shown in gure 4.3 on page 25.
bottom wall
top wall (TS)
tip of the cone






Figure 5.10.: Cross-section of the cuboid used as computational domain for the validation with the CFQ re-
sults in chapter 4 on page 21, with a base size of lx = ly and a height h with dierent wall
boundaries. Included is the direction of the propagation front (PFD) and gravitational acceler-
ation д. The top wall represents the thermite steel (TS) interface, as indicated in gure 4.5 on
page 28.
The transition region, which is dened between the points (a) and (c) and the dashed line in g-
ure 4.5, yields an upper and lower cone diameter as a function of the height d(h), namely 7mm and
9mm, indicated in gure 4.3 on page 25. Thus, a cone diameter of 3.558mm and 4.575mm with an
average of lx = ly = 4.07mm can be obtained. This diameter average is further used as width of a
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computational domain. Furthermore, a domain height of 0.89mm has been obtained as the average
height of the transition region between points (a) and (c) and the dashed line in gure 4.5 on page 28.
For simplicity and to obtain an equidistant 3D hexahedral computational grid, the cone segment of
the transition region is reduced to a cuboid with a base area of lx · ly , edge length of 4.07mm and
height h of 0.89mm, as shown in gure 5.10. The cuboid consists of four side walls as indicated
in the gure which represent the Cu contact areas. At the top wall, the phase fraction φ is equal
to unity, thus represents a fully separated thermite steel phase as it is found in the experimental
CFQ evaluation in gure 4.5 on page 28. Further, an idealized transition from reactant to product is
indicated by a dashed line in gure 4.5 on page 28, which has been obtained by the CFQ set up and
is represented in the simulation by the bottom wall boundary, as shown in gure 5.10. In addition, a
complete list of the wall boundary conditions can be found in the following table 5.2.
Table 5.2.: Boundary conditions of numerical elds for a validation case for phaseFieldFoam verifying the
CFQ experimental results from chapter 4 on page 21. Values in brackets represent the uniform
xed value.
alpha1 difFlux p_rgh U
top xedValue (1) xedValue (0) zeroGradient xedValue (0)
bottom zeroGradient xedValue (0) zeroGradient xedValue (0)
side zeroGradient xedValue (0) zeroGradient xedValue (0)
A random normal distribution in swak4Foam is used to generate an initial phase eld for thermite
steel and alumina slag for the order parameter withinφ = [0, 1] and inside the computational domain
of the 3D cuboid. This function
randNormal ( ) > −0 .1445 ? 1 : 0
is setting φ = 1 within a cell if the return value of the random normal function is greater than a
lower bound of −0.1445, otherwise it is set to zero. The bounding value inuences the phase fraction
alpha1 and therefore, by adjusting the bound, the initial mass ratio for thermite steel and alumina
slag can be set to 0.56 and 0.44 to represent the authentic mass fraction of the reaction products.
The computational domain utilized 164 cells in directions x and y, and 36 in direction z. Phase eld
parameters are set to TR = 0 and further parameters, including the interfacial thickness ψ are equal
to 6 cells and thus account to 1.48 × 10−4m. The diusive Courant number accounts toCod = 0.01
and the ltering parameter equals φF = 0.05. A value of 60° is used for the interface slope calculation
within phaseFieldFoam through the parameter theta.
Based on the experimental results of the CFQ evaluation in chapter 4 on page 21, a separation time τsep
has been measured while obtaining a relatively high uncertainty due to the positioning of boreholes
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for the thermocouples during measurement of the propagation front velocity in chapter 3 on page 16,
thus yielding an estimation for the temporal interval for the complete separation of thermite steel
and slag
4.3 × 10−2 s ≤ τsep ≤ 9.3 × 10−2 s . (5.38)
Within τsep, the φ distribution during the phase eld simulation will be analysed regarding the state
of separation.
(a) 1.00 × 10−4 s (b) 1.00 × 10−2 s
(c) 2.02 × 10−2 s (d) 3.62 × 10−2 s
Figure 5.11.: Selected time steps of a phase eld simulation for a thermite steel-slag separation during the
CFQ experiment for a computational domain width lx = ly = 4.07mm and h = 0.89mm using
164 × 164 × 36 cells in x, y and z-directions as shown in gure 5.10.
In this paragraph, selected time steps of the three-dimensional computational results of a thermite
steel and alumina slag separation displayed in gure 5.11, are being evaluated using the boundary
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conditions as obtained from the CFQ evaluation in chapter 4 on page 21. For each time step τ , the
velocity magnitude |u| on the steel and slag interface is displayed in the top section and below, φ
is given on a 2D section plane positioned near (1). As mentioned in table 5.2, φ equals unity at the
top wall and thus represents the steel phase, as shown in gure 5.11, through a continuous red line
near (2). During the initial stages of the separation, (2) increases in width due to transport by surface
diusion of steel into a steel-rich phase. Therefore, a slag-rich layer forms below (2), as indicated by
label (3) and a blue colour for the phase region. This phenomena has also been observed in Yan et
al. [82] where a heterogeneous initial phase eld φ distribution is applied, similar to the boundary
conditions as mentioned in table 5.2. Following the layer growth near the top wall of steel-rich
and slag-rich regions, microstructural domain growth occurs below, as shown in gure 5.11b, for a
physical time of 1 × 10−2 s. Further, the velocity magnitude at the interface is almost ten times higher
at 2.02 × 10−2 s in gure 5.11c than during the previous time step. This leads to the assumption that
hydrodynamic decomposition of the steel phase domains is taking place, penetrating the slag layer
at (3).
In gure 5.11d, the velocity at the interface is below 0.17m s−1 with sizes of homogeneous phase
regions close to the computational domain, thus accounting to an almost fully separated two-phase
system. Due to a wetting of the liquid phases on the domain walls, a horizontal steel and slag interface
might not be achieved, as shown in gure 5.11d. However, formed phase regions in 5.11d remain
stationary for τ > 3.62 × 10−2 s. Therefore, it can be assumed that a full separation of thermite steel
and alumina slag is completed when the velocity signicantly decreases after an intermediate peak
during the hydrodynamic decomposition, implied in gure 5.11c.
With a numerical validation of the experimental results from the CFQ evaluation presented in chap-
ter 4 on page 21, the phase eld model in phaseFieldFoam is capable of predicting a separation time
of an authentic thermite steel and alumina slag system while being in good agreement to a highly
exothermic, reactive decomposition during an SHS type reaction by using purely isothermal diusive
and convective transport mechanisms.
5.4. Results
For the investigation of inuential parameters on the separation of aluminothermic reaction prod-
ucts, a three-dimensional test case of a thermite steel bubble suspended in bulk alumina slag has
been set up. Similar to the one used in section 5.3.3 on page 47 for the numerical investigation of do-
main growth. A thermite steel bubble with φ = 1 and an initial diameter dinit of 0.5mm is suspended
in bulk alumina slag with a phase fraction of φ = 0.45 and an interface width of 6 computational
cells, yielding 1.5 × 10−4m. The increase of the dimensionless bubble diameter as a function of the
time L∗(τ ) is then veried with the scaling law hypothesis. The interfacial width has been validated
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experimentally in section 5.3.5 on page 51. A three-dimensional cubic domain with an edge length of
2mm for all sides is resolved by 80 cells in every spacial direction. Further, to guarantee numerical
stability during the calculation, a value of 5 × 10−3 has been used for Co and Cod.
Diusive and viscous domain growth regimes during spinodal decomposition were veried numer-
ically using a scaling hypothesis of the form L(τ ) ∝ τ β in section 5.3.3 on page 47. Depending on
the regime, the growing of homogeneous phase regions can be described as being proportional to
the time, raised by a scaling exponent β , which is depending on the dominant transport mechanism
during spinodal decomposition.
Table 5.3.: Variation in ω of surface active elements in thermite steel resulting in a change in surface tension
σSTA of thermite steel using Iwanciw’s approximation [38]. Minimum and maximum in ω are
based on variations from chemical analysis of the weld material, as mentioned in Tuchkova [76].
Element ωmin ωref ωmax Variation in wt%
O 0.016 0.028 0.040 ±0.012
S 0.003 0.005 0.007 ±0.002
C 0.500 0.590 0.680 ±0.090
Using Iwanciw’s approximation [38] for σSTA and the mass fraction of surface active elements O, S
and C, as presented in table 5.3, the following surface tension values have been obtained σSTA,min =
1.5891Nm−1, σSTA,ref = 1.5795Nm−1 and σSTA,max = 1.5703Nm−1. The interfacial tension between
thermite steel and alumina slag can be obtained using Girifalco’s estimation [27], accounting to
σSTSL,min = 1.2086Nm−1, σSTSL,ref = 1.2019Nm−1 and σSTSL,max = 1.1955Nm−1.
Governing equations of the phase eld model, described in section 5.2.1 on page 32, show an apparent
inuence of a change in σ on the mixing energy density λ, dened in equation (5.7) and (5.15) on
page 33 and 34, respectively. This yields a direct proportionality between the diusive ux
−∇µ ∝ σ (5.39)
and the surface tension σ in equation (5.23) and (5.7) on pages 35 and 33, respectively. Results on
the bubble growth during the early stages of spinodal decomposition, as described by an increasing
dimensionless characteristic length L∗ = d/dinit, are shown in gure A.8 for σSTSL as a result of a
variation in the mass fraction of surface active elements oxygen and sulphur, as mentioned in Ueda
et al. [77] and Keene [41], in table 5.3. Relative composition changes in ω for oxygen and sulphur in
thermite steel of up to 42 %, yield very small variations in σSTSL, shown by a maximum deviation of
+6.7 × 10−3 Nm−1 to the reference value when employing Girifalco’s estimation [27]. All curves
for minimum and maximum variation on ω yield no deviation from the reference value as shown in
gure 5.12. Diusive and viscous growth of the bubble diameter is identical in both regimes due to
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small variations of the resulting interfacial tension. Therefore, it can be assumed that large variations
in ω yield only minimal changes of the surface- and interfacial tension, when applying models by
Iwanciw et al. [38] and Girifalco’s estimation [27], and thus an inuence on diusive and viscous
growth regimes L∗(τ ) ∝ τ β which are expressed by β = 1/3 and β = 1 has not been observed.
However, due to the direct proportionality between diusive ux ∇µ and σ , an inuence on domain
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Figure 5.12.: Domain growth L∗ = d/dinit of a thermite steel bubble suspended in bulk slag phase for various
interfacial tension values σSTSL, as listed in table 5.3, and which is the result from a change in ω
of surface active elements oxygen and sulphur, as mentioned in Ueda et al. [77] and Keene [41].
In this chapter, a diusive phase eld model is being presented, which is based on the work of
Donaldson et al. [18] and which has been veried successfully using experimental results of the
microstructural evolution within compacted thermite during a combustion front quenching evalu-
ation. The isothermal two-phase solver is able to predict the separation time within an interval for
authentic thermite. By using experimental results from a two-dimensional dam-break, a validation
and comparison has been conducted on the phase eld solver phaseFieldFoam and interFoam, which
incorporates a VOF approach. The comparison shows that the results for the leading-edge position
obtained using the phase eld model yield a smaller deviation to the experimental results by Martin
et al. [54] as compared to the VOF model. During spinodal decomposition, the size of homogeneous
phase domains L∗ can be described using growth laws L∗(τ ) ∝ τ β , where the scaling exponent β
depends on the dominant transport regime - either diusive, viscous or inertia, as mentioned in
Thakre et al. [74]. A three-dimensional test case of a thermite steel droplet suspended in alumina
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slag has been set up to evaluate the growth in diameter as a function of τ β . As a result, the phase
eld solver is capable of predicting the domain growth during diusive and inertia transport regimes
of the steel droplet.
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6. Crucible discharge and mould filling
After the aluminothermic reaction and the reactive separation inside the crucible, which has been
presented in the previous chapter on page 30, liquid thermite steel and alumina slag begin to dis-
charge into the mould beneath. This chapter is dedicated to three-phase simulations of the Euro
















multiphaseInterFoam on 3.3 × 106 cells
Figure 6.1.: Double logarithmic representation of the computational speed-up of a three-phase simulation
of the SkV-Elite mould with 3.3 million cells as a function of CPU cores calculated on the Dell
PowerEdge C6100 HPC.
Two types of llings with approximately 3.3 × 106 computational cells have been investigated us-
ing a VOF approach on 80 HPC CPU cores of a Dell PowerEdge C6100 with a peak performance of
20.25 TFlops/s. For evaluation of the speed-up of parallel multiphase simulations using the Open-
FOAM solver multiphaseInterFoam, the clock time speed-up as a function of CPU cores is displayed
in the following diagram, gure 6.1. Decomposition of mesh and eld data has been performed
with Scotch v6.0 for the mould lling and crucible discharge simulations. Before decomposition, the
cell ordering was renumbered to reduce computational bandwidth, using the Cuthill-McKee algo-
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rithm [64]. In gure 6.1, the average parallel speed-up during a 3D lling simulation run on 1, 2, 4,
8, 16, 32, 64, 80 and 128 cores is shown. Above two cores, the average speed-up diverges from the
ideal line, but continues in an almost parallel trend up to 64 cores. The average speed-up has been
optained over a physical solution time of 0.02 s for a 3D mould lling of an SkV-Elite geometry with
a Euro crucible. In addition to the double logarithmic plot of the parallel speed-up as function of the
number of cores in gure 6.1, the results can be found in table A.4 in the appendix on page xiv.
6.1. Numerical model
6.1.1. Governing equations
Numerical simulations of the multiphase ow inside crucible and mould are carried out with the
isothermal and n-phase solver multiphaseInterFoam of the open source CFD toolbox OpenFOAM.
The crucible discharge and mould lling are physically complex, three-dimensional, multiphase,
transient, reactive, and non-isothermal ow processes, which cannot be represented in their com-
plete extent using numerical algorithms. Therefore, certain simplication steps are necessary for
the numerical analysis of the important aspects. A rst simplication of the aluminothermic process
is the reduction to an isothermal system. One reason for this approximation is a relatively short
discharge time, which accounts to approximately 10 s in the Euro crucible, and which will be shown
in the current chapter. Furthermore, reactions between the multiphase system, crucible and mould
material occur concurrently to the heat transfer, for which the inuence of oxygen on the wetting
behaviour and propagation front velocity has been veried in chapter 2 and 3 on page 8 and 16,
respectively. It is assumed that without precise knowledge on the temperature distribution within
the melt after the reaction, the heat transfer coecients on crucible and mould wall as well as the
thermophysical and transport properties and their temperature dependence, the resulting numerical
error of a non-isothermal system is greater than the one for isothermal modelling. The multiphase
solver multiphaseInterFoam is based on the two-phase volume-of-uid (VOF) approach by Hirt et
al. [31] in interFoam, as described in Rusche [68], governed by the continuity equation (5.28) and
momentum conservation (5.29) on page 36 for incompressible uids. The surface force term is ap-
proximated within interFoam using the continuum surface force approach (CSF) by Brackbill et
al. [6] in equation (6.1). The notation ()∗ represents values directly on the interface As (τ ), with κ∗
and n ∗ being the interfacial curvature and a vector normal to the interface, respectively. The inte-





σκ∗ n ∗ δ (x − x∗) dAs = F s (6.1)
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with the curvature of the interface κ, dynamic viscosity η and gradient of the phase fraction ∇φ






Governing equations of mass and momentum (5.28) and (5.29) are only valid for a one-phase system.
Further, the conservation of momentum incorporates an approximation of the surface tension force
F
s
by Brackbill et al. [6], which is given in equation (6.1) and (6.2). The volume-of-uid (VOF)
approach, however, is a pseudo one-phase model, introducing a transport equation for the phase
fraction φ, which is bound to a range of [0, 1]. Within a two-phase system, this phase fraction is zero
in one phase, 0 < φ < 1 at the interface and unity in the other
0 = ∂φ
∂τ
+ ∇ · (uφ) + ∇ · (u rφ(1 − φ)) (6.3)
and thus denes the interfacial region between 0 < φ < 1. Therefore, the VOF method yields
a smooth transition between the phases over several cells and is therefore a smooth interface ap-
proach. To reduce the interfacial width in interFoam, an articial compression term ur is introduced
in equation (6.3), which is only valid in the interfacial region between the phases X and Y . The esti-
mation of phase properties, e.g. density or viscosity throughout the whole domain is done by using
equation (6.4) and (6.5)
ϱ = φϱX + (1 − φ)ϱY , (6.4)
η = ηϱX + (1 − φ)ηY . (6.5)
Further, the interface capturing and reconstruction in interFoam is obtained through an explicit algo-
rithm called MULES (Multidimensional Universal Limiter for Explicit Solution) which approximates
and bounds φ between [0, 1]. For further information on MULES see the work of Zalesak [86].
6.1.3. Turbulence modeling in multiphase flow systems
The incompressible multiphase ow system inside the crucible and mould is governed by equa-
tions (5.28) and (5.29) on page 36 in case the uid behaves laminar. Therefore, the Reynolds number
Re in equation (6.6) helps to predict the local ow regime inside the crucible and mould. When
considering the cylindrical Euro crucible, the hydraulic diameter dhyd equals the diameter of the
cross-sectional area of the ow. Due to mass and momentum conservation, the highest ow veloc-
ity is present at the outlet, having a diameter of 20mm. Here, the ow regime begins to become
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To calculate Re at the outlet, a maximum of the average ow velocity u can be obtained in gure 6.5
on page 70 at the end of the steel discharge. Normally, Re is used in one-phase systems. In the case
of the crucible discharge, however, a three-phase system with dierent transport properties of each
phase is considered. At a physical time of approximately 3.71 s, the steel discharge comes to an end
in the Euro crucible, and concurrently, ow velocities of 1.17m s−1 are reached at the outlet. Steel has
the smallest kinematic viscosity of all three phases and thus yields a maximum Reynolds number in
the Euro crucible of more than 6.7 × 104. Therefore, the multiphase system can be considered highly
turbulent.
In section 6.2.1, a modied standard k-ε turbulence model has been validated through experimental
results from a water-oil discharge inside the Euro crucible, based on the work from Launder [50] and
Lew [51]. Furthermore, for aluminothermic mould lling simulations, a RANS (Reynolds-Averaged-
Navier-Stokes) formalism is used to incorporate the turbulent nature of the ow. Here, variables
such as the velocity u are calculated as the sum of an average u(xi ) and a uctuating velocity com-
ponent uf , as described in Ferziger [22]
u(xi , τ ) = u(xi ) + uf (xi , τ ) . (6.7)
Inserting a new formulation for u(xi , τ ) into equation (5.28) and (5.29), however, yields more un-
knowns than equations and this is known as the closure problem of turbulence approximations in
CFD. Additional terms, such as the Reynolds stress ϱu i ,f uj ,f need to be approximated using a tur-
bulence model, as mentioned in Ferziger [22]








− 23δi jk (6.8)
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+ u · ∇ε − ∇ · (Dε∇ε) + γεε = Pε , (6.11)
∂k
∂τ
+ u · ∇k − ∇ · (Dk∇k) + γkk = Pk (6.12)
































+ νl . (6.18)
Model parameters are described in Lew [51] as follows
σk = 1.0 σε = 1.3 Cε1 = 0.126 Cε2 = 1.92 Cµ = 0.09 . (6.19)
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The source code of the modied k-ε turbulence model modKEpsilon is available on Gitlab [81].
6.1.4. Boundary and solver conditions
Mould geometries for the aluminothermic welding of rails have been adapted to globally employed
rail proles. A common rail is the UIC60 prole, with a height of 172mm from foot to head and which
is used for the numerical simulations within this thesis. However, during the three-phase lling
simulations inside the SkV-Elite mould, a 3.4mm taller rail prole has been used to comprehend the
gap between the mould and the original UIC60 prole. This gap is lled with waterglass-bonded sand
during an AT welding, as shown in gure 1.1 on page 5. Further, a welding gap of 25mm between the
two rails has been used for the CFD simulations. The Euro crucible, which is not included in gure 1.1,
is positioned directly above the welding gap at an approximate height of 63mm for a preheated SkV-
Elite mould using an SkV welding technique. Further, two cut-through channels emerging from
under the plug and ending at the top surface of the mould are used to transport air out of the mould
during the lling with liquid thermite steel and alumina slag.
The results presented in this work of the 3D mould lling simulations are based on a UIC60 rail
prole. A welding for this prole utilizes 13.0 kg of thermite powder, thus yielding 7.28 kg thermite
steel and 5.72 kg alumina slag. Under consideration of a complete conversion, the initial lling height
inside a Euro crucible in gure A.5 on page vii ranges from 17.9mm at y1 to 67.78mm at ySTSL. The
slag and air interface is positioned at 129.3mm and marked by ySLA. Initially, air, steel and slag are
at rest. For simplication, isothermal conditions are considered during the numerical investigation
of the crucible discharge and mould lling with the OpenFOAM solver multiphaseInterFoam.
Prior to mesh generation, the internal volume of the mould has been extracted with SolidWorksTM
from the CAD parts of the welding setup: two adapted UIC60 proles, two SkV-Elite half moulds,
plug and Euro crucible. The surfaces of the complete internal CAD volume were then combined to
include all CAD surfaces, representing one type of boundary for the CFD simulation, e.g. inlet, outlet
and three types of walls. These boundaries were exported from the CAD modeller as STL les to be
imported then by snappyHexMesh. Therefore, ve boundary STL les represent the internal volume
of the SkV-Elite mould with an adapted UIC60 rail prole. Further, three types of walls are used,
including rail and waterglass-bonded Al2O3-SiO2 composite materials on which the contact angle θ
of steel and slag varies signicantly. A hexahedra-dominant computational grid with approximately
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3.3 × 106 cells was generated from the STL boundary les, using the mesh generator snappyHexMesh
from the OpenFOAM software package.
Table 6.1.: Contact angles θ for various material-phase combinations: steel (ST), slag (SL), air (A) and rail in
degrees, on dierent wall boundaries used for the mould lling.
Boundary Material Phases Value
Rail Low-alloyed steel [76] ST-A 90
SL-A 90
ST-SL 90
Plug wg-Al2O3-SiO2 ST-A 134
SL-A 20
ST-SL 90
Mould and crucible wg-SiO2 ST-A 131
SL-A 20
ST-SL 90
During a lling of an SkV-Elite mould by a Euro crucible of two liquid and one gaseous phase, the
melt is in contact with dierent types of wall materials. These include waterglass-bonded crucible,
mould and plug composite materials, as well as the rail itself. For further information on the chemi-
cal composition of the low-alloyed rail steel in table 6.1, a chemical analysis is presented in the work
from Tuchkova [76]. As a result, contact angle values are needed to describe the wetting phenom-
ena of liquid thermite steel and alumina slag in an oxidizing air atmosphere. The contact angle of
thermite steel on waterglass-bonded Al2O3-SiO2 composite materials, used as crucible, mould and
plug material has been investigated using a sessile drop technique in chapter 2 on page 8. Contact an-
gles of the alumina slag have been estimated since atmospheric temperatures at liquidus of alumina
slag could not be realized with the current experimental setup, as presented in chapter 2. However,
through observation, the slag showed very good wetting behaviour on the mould and crucible mate-
rials. Hence, a contact angle of 20° has been used on these wall boundaries. Further, all walls of the
computational grid are considered as non-slip boundaries. For the pressure at the inlet and outlet of
the lling geometry, a totalPressure condition has been used. The positions of the boundaries for the
SkV-Elite and Euro crucible geometry used during the numerical simulation of the lling are shown
in gure 6.10 on page 77.
A turbulent ow regime was considered inside the mould and crucible during the lling. A modied
version of the standard k-ε turbulence model modKEpsilon was incorporated. This is described in
more detail in section 6.1.3 on page 60. As boundary condition for the turbulent dissipation rate
ε , kinetic energy k and viscosity νt , dierent types of wall functions have been used, namely ep-
silonWallFunction, kqRWallFunction and nutkWallFunction using as initial value 0.1 for k and zero
for ε and νt . Further, due to the complex 3D CAD geometry of the SkV-Elite mould, as displayed in
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gure 6.10 on page 77, wall-parallel hexahedra cells could not be incorporated to resolve the bound-
ary layer in the turbulent ow regime. For a multiphase system, the dimensionless wall distance y+
varies throughout the phases as it is dependent on the kinematic viscosity ν , ranging from an ap-
proximate maximum value of 1.3 × 10−4m2 s−1 in air to a minimum of 3.48 × 10−7m2 s−1. This yields
a y+ within a range from 0.73 in air to 344.15 in steel, for an estimated ow velocity u of 1.5m s−1,
as shown in table 6.2.
Table 6.2.: Dimensionless wall distance y+ on dierent wall boundaries of the SkV-Elite mould with Euro
crucible using an estimated maximum ow velocity of 1.5m s−1 in all directions.
Boundary Steel Slag Air
Rail 344.15 9.54 0.89
Plug 314.93 8.73 0.82
Mould and crucible 282.88 7.84 0.73
Ay+ value between 30 and 300 is desired when using wall functions for the turbulent elds k , ε or νt ,
as described in the ANSYS FLUENT user manual [2]. In the slag and air phase, as shown in table 6.2,
y+ is estimated to be outside of the optimal range for wall functions. However, in a multiphase
system with transport properties varying over a wide range, it might not be possible to guarantee a
valid y+ eld throughout.
A self-ltered central dierencing (SFCDV) numerical scheme for vector elds has been used to
approximate the convective acceleration term of the incompressible and three-dimensional Navier-
Stokes equations (5.29). This scheme gives most accurate results when comparing numerical and
experimental results of a water and rapeseed oil discharge from a Euro crucible in section 6.2.1 on
page 66. Further, a rst-order, bounded implicit scheme for the temporal discretisation is used. Veloc-
ity, turbulent kinetic energy and dissipation elds are approximated with a Gauss-Seidel algorithm
using a smoother. For these elds, the nal tolerance level has been set to 1 × 10−8 for residual con-
trol. Divergence terms of turbulent quantities k and ε are approximated using a rst-order upwind
scheme. Both approximations of surface normal gradients and laplacian terms, e.g. viscous forces
in equation (5.29) use a non-orthogonal correction through a coecient value of 0.5, as described in
the OpenFOAM user guide [64]. Hexahedra-dominant meshes of the SkV-Elite lling mould with a
Euro crucible have an average non-orthogonality of approximately 2.1° with a maximum of less than
50°, as provided by checkMesh. The transient numerical solution of mass and momentum conserva-
tion in equation (5.28) and (5.29) is obtained using the PISO (pressure-implicit split-operator) algo-
rithm [64]. Additional PISO parameters include the number of overall and non-orthogonal correc-
tion steps, which is set to two. Further, the solution of φ in equation (6.3) is controlled by parameters
such as cAlpha and nAlphaSubCycles, both equal to unity, representing the interfacial compression
in equation (6.3) and the number of temporal sub-cycles of the phase fraction approximation. For
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the approximation of the pressure in VOF simulations, a preconditioned conjugate gradient solver
(PCG) is used together with a generalised geometric-algebraic multi-grid preconditioner (GAMG).
Residual control is set to 1 × 10−5 and 1 × 10−7 for pcorr and p_rghFinal, respectively. Relaxation is
not used and the factors are equal to one throughout the simulation.
6.2. Validation and verification
6.2.1. Water-oil crucible discharge
In this section, the experimental results of a water and rapeseed oil outow from the Euro crucible,
as shown in gure 6.2, for the validation of the numerical VOF model is presented. The experimental
setup is based upon geometrical similarity by using an original Euro crucible. Furthermore, the
uid volume of water and rapeseed oil equates to that of liquid thermite steel and alumina slag,
respectively, in a 13.6 kg thermite conversion. Therefore, geometric similarity of the multiphase
thermite system can also be guaranteed.
Initially, the three-phase system is completely separated and at rest. The density and kinematic
viscosity of water and rapeseed oil amounts to 1000 kgm−3, 912 kgm−3 and 1 × 10−6m2 s−1, respec-
tively. A value of 73mNm−1 has been used as surface and interfacial tension. For better distinction
between oil and water phases, the oil was pigmented with food colouring. A video camera (Video 1)
in gure 6.2 is used to record the complete discharge process of the water-oil system and to detect
the point in time for the oil penetration of water and the beginning of the parallel outow of the two
phases. The second camera, Video 2, is used to record the overall oil surface ow direction. However,
numerical and experimental results have shown that the multiphase system behaves as a potential
ow structure in which the ow direction always points to the centre. The water and oil experiment
was then numerically investigated for the Euro crucible and the results are displayed in gure A.8 in
the appendix on page ix. Two points in physical time were of interest for the validation with experi-
mental data, as seen in gure 6.3. The rst corresponds to the breakthrough of oil through the water
phase, forming a non-vertexing funnel at 0.64 s. The second point in time is obtained at the end of
the outow, yielding 7.2 s, namely when air droplets can be seen in the oil stream. At this point, the
phase fraction of oil will decrease below unity as the phase fraction of water is zero and that of air is
greater than zero. Numerical results of the outow of a water-oil multiphase system from the Euro
crucible are shown in gure A.8 for comparison. The point in time for the oil breakthrough in the
numerical simulation yields 0.55 s with an absolute error of −0.09 s, as seen by a decreasing water
phase fraction below unity.
In the experimental validation, the oil breakthrough corresponds to a physical time of 0.64 s, as seen
in frame B in gure 6.3. The outlet of the crucible is reached prior to this, since the outlet is positioned
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Figure 6.2.: Schematic experimental concept of the water-oil discharge from the Euro crucible with approxi-
mate positions of two video cameras.
above the eld of view in gure 6.3. Therefore, an exact quantication of the time cannot be made
for which the oil phase reaches the outlet. The most reliable data, however, correlates to 0.64 s in
time frame B of gure 6.3. The end of the discharge was reached at 7.9 s, according to numerical
results in gure A.8 in the appendix on page ix. Comparing this value to the experiment, an absolute
error of 0.7 s is obtained. These two numerical values depict the experimental results in a reasonably
accurate way. Due to the experimental setup, the end time of the oil outow could not be determined,
and therefore no comparison could be made.
Examining the results of the numerical simulation and experiment in gure A.8 in the appendix on
page ix and 6.3, respectively, at signicant times of the crucible discharge, shows that multiphaseIn-
terFoam is capable of predicting the time for the oil penetration of water with an absolute error of
−0.09 s. During the parallel outow of both phases, the solver is able to show the exact phase distri-
bution in the stream as seen in the experiment, in particular, when oil is being completely surrounded
by the more dense water phase. Figure 6.3 displays selected time frames during the outow in the
water and rapeseed oil system, where A, B and C correspond to physical times of 0.16 s, 0.64 s and
1.12 s, respectively. In frame B of gure 6.3, the oil penetration of water occurs. In A, only the water
phase is visible, thus representing a physical time prior to 0.55 s of the numerical results in gure A.8
in the appendix on page ix, in which the oil phase fraction is zero. In frame B, the vertical length
of the oil phase in the water stream at 0.64 s is indicated by a white bracket. Frame C of gure 6.3
relates to a time in between oil breakthrough and end of water discharge at approximately 4 s. This
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Figure 6.3.: Signicant time frames A, B and C of the water-oil experiment in the Euro crucible. The white
square bracket represents the approximate length of the oil stream in the water, corresponding
to physical times of 0.16 s, 0.64 s and 1.12 s, respectively.
is dened as parallel outow with both liquid phases being present in the uid stream, as shown in
gure A.8. Furthermore, the analysis of the recording from Video 2 reveals a non-vortexing funnel
formation during the discharge of water and rapeseed oil as the tracking particles (chipped wood)
on the oil surface move in a linear manner towards the centre of the crucible.
6.2.2. Grid sensitivity analysis
In the following section, the results of a three-dimensional grid sensitivity analysis are presented,
conducted on three dierent grid sizes of the Euro crucible, as displayed in gure A.5 on page vii.
Numerical solutions are especially dependent on the grid topology, quality and resolution. Therefore,
a grid sensitivity analysis on the Euro crucible discharge of a three-phase system, consisting of liquid
thermite steel, alumina slag and gaseous air has been made to evaluate the numerical solution of the
multiphase system on three dierent meshes. The smallest grid consisted of 9 cells over the outlet
diameter dout of 20mm with a mesh size of 1 041 494. Rened to 13 cells across dout yields 2 847 286
cells. A maximum grid size of 8 223 971, including 19 cells over the outlet diameter, has been tested
within the scope of this grid sensitivity analysis. Hexahedra-dominant meshes were generated from
an STL geometry le with the dimensions listed in gure A.5 on page vii, using the meshing tool
snappyHexMesh, provided by the OpenFOAM Foundation Ltd.. For this evaluation, the standard
k-ε turbulence model has been used.
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Results of the average phase fraction φ and average phase velocity magnitude |uy | in y-direction
for the grid sensitivity analysis are displayed in gure 6.4 and 6.5. As discussed in section 6.2.1, one
important moment during the crucible discharge is considered by the breakthrough of the lighter sec-
ondary phase through the more dense primary phase below. This point in time marks the beginning
of a parallel outow of two liquid phases. In section 6.2.1, this phenomena has been experimentally
validated with a water and rapeseed oil system. In gure 6.4, the average phase fraction of thermite
steel over the discharge time of approximately 11 s is displayed including a magnied view for the
parallel outow time.
By rening the mesh of the Euro crucible in gure 6.4, the beginning of the slag breakthrough, which
is dened by a decreasing φST below 0.99, shifts in time by +0.121 s. Observations on a change
in magnitude of the average phase fraction near a local minimum between 2.8 s and 3.2 s, yield a
maximum and minimum of 0.84 and 0.765 for the mesh with the lowest and highest cell density,
respectively. Therefore, a shift in time of +0.089 s can be observed. At the local maximum for φ
between 3 s and 3.4 s, the change in amplitude and time shift is minimal, with −0.016 and +0.032 s
for the mesh with 9 and 19 cells, respectively. The end of the steel outow for all three meshes is
reached when φST < 0.01. This occurs latest on the grid with 9 cells and earliest with 19 cells across
the outlet diameter dout, thus yielding a time shift of −0.025 s.
Evaluating the average phase velocity |uy | during grid renement of the Euro crucible between the
lowest and highest cell density with 9 and 19 cells across dout yields a dierence in magnitude at the
local minimum near 2.66 s of +0.012 76m s−1. This accounts to a relative deviation of +1.24 % with a
non-observable shift in time. The following local maximum at 3 s yields a deviation in physical time
and |uy | of +0.076 s and +0.0186m s−1 during the rst renement from 9 to 13 cells. At the local
minimum near 3.2 s, this variation is further reduced to 0.0108m s−1 and +0.0597 s. A similar shift in
physical time for |uy | at 3.75 s accounts to −0.0298 s when compared to −0.025 s for φ in gure 6.4.
A rst renement from 9 to 13 hexahedra cells over the outlet diameterdout of the Euro crucible yields
maximum deviations in time of +0.121 s, accounting to a relative deviation of +5.3 % for φ during
the slag breakthrough. However, a further renement to 19 cells yields no signicant increase in
the time shift, while the curve progression between 13 and 19 cells is comparable. As for |uy | in
gure 6.5, the maximum local time shift accounts to +8.38 × 10−2 s at a local maximum near 3 s,
thus yielding a relative deviation of +2.83 %. Results from the grid sensitivity analysis lead to the
assumption that a further renement beyond 13 cells across the outlet diameter of the Euro crucible
does not considerably improve numerical accuracy for a signicant increase in computational eort
from 13 to 19 cells.
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Figure 6.5.: Magnitude and detail of average phase velocity magnitude |uy | at the outlet of the Euro crucible
over discharge time τ .
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6.2.3. Evaluation of parasitic currents
During the reconstruction of the sharp interface in VOF models within the surface force approxima-
tion F
s
in equation (6.1) by using the Continuum Surface Force approach (CSF) and introduced by
Brackbill [6], parasitic currents develop in the vicinity of the interface in modern CFD codes, e.g.
multiphaseInterFoam. Normally, these currents are of small magnitude |uP | when compared to the
main ow and are therefore too insignicant to be of inuence. Brackbill [6] formulated a critical







containing the cell length ∆L and the average phase density of the phases X and Y
ϱ = 0.5 (ϱX + ϱY ) . (6.25)
In the following section, the maximum velocity uP by parasitic currents is evaluated at the interface
of a laminar, two-dimensional test case of a slag bubble submerged in bulk steel phase using a zero-
gravity environment. The computational domain size accounts to 20mm with 150 cells in x- and
y-directions. The slag droplet, which has a diameter of 5mm, is positioned at the centre of the
domain. For the steel and slag system, an interfacial tension of 1.2019Nm−1 is used and the critical
time step in equation (6.24) accounts to 3.8175 × 10−5 s.
In gure 6.6, the results for maximum spurious currents uP are displayed over the solution time τ for
three 2D cases where the maximum time step size ∆τ was varied between 1 × 10−5 s and 1 × 10−6 s.
An initial peak during the beginning of the 2D simulation, as shown in gure 6.6, results from the
reconstruction of the interface by the VOF algorithm and within the rst time steps. The investigated
time steps are always below ∆τc, yet the slag bubble becomes unstable after approximately 0.8 s.
By reducing the maximum time step size from 1 × 10−5 s to 5 × 10−6 s and nally to 1 × 10−6 s, the
point in time where the bubble becomes unstable by moving from its initial position, is delayed by
approximately 0.5 s with each reduction in ∆τ . Within the time period in which the position of
the slag bubble is stationary and stable, namely between 0.1 s and 0.8 s in gure 6.6, the maximum
uP oscillates between 1.6 × 10−3ms−1 and 4 × 10−3ms−1 with a constant amplitude. Therefore, a
variation in ∆τ shows no inuence on the amplitude of uP during stable oscillation.
In conclusion, parasitic currents are present in VOF simulations and these are due to the numerical
reconstruction of the steel and slag interface in this particular 2D test case when considering standard
phase properties, as described in the appendix on page i. Maximum parasitic currents uP account
to 4 × 10−3ms−1 for a stable droplet before moving from its initial position and becoming unstable.
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Figure 6.6.: Maximum parasitic velocity uP over simulation time τ for three time step sizes ∆τ of a 2D test
case for a slag bubble suspended in liquid steel.
By comparing the magnitude of uP to the main ow eld in the Euro crucible with maximum phase
velocities of approximately 1.15m s−1, as shown in gure 6.5, it is evident that spurious currents
have no considerable inuence on the main ow during a lling and crucible discharge.
6.2.4. Parameter sensitivity analysis
Transport and material properties, as presented in the appendix on page i, e.g. density ϱ, kine-
matic viscosity ν , surface tension σ and the static contact angle θ are subject to variations either
due to uncertainties in measurement methods, uctuations of environmental conditions or other
non-quantiable inuences, e.g. local changes in composition due to chemical reactions. Other
possibilities for variations, relating to three-phase simulations of the aluminothermic process are
uncertainties in melt temperature Tmelt. During the process of the crucible discharge and mould ll-
ing, steel and alumina melt is cooled down signicantly through heat transfer mechanisms such as
radiation, convection and conduction and temperature-dependent phase properties are therefore oc-
curring. In addition, alloying elements added to the steel have an inuence on transport properties.
Further, changes in transport properties may also occur due to local reactions between materials,
such as steel and mould wall material and oxidation eects at the steel interface.
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Figure 6.7.: Average phase fraction φ of thermite steel and alumina slag at the outlet of the Euro crucible
as a result of a 3D multiphase simulation as a function of the discharge time τ with the parallel
outow time period marked in grey.
In this study, two points in time, namely the beginning and end of the slag breakthrough are being
evaluated numerically in the Euro crucible, as displayed in gure A.5 on page vii, while transport and
material properties ϱ, ν , σ and θ of the liquid phases are varied within a maximum range of ±40 %.
The results are being displayed in gure 6.8. A mass of 13.6 kg of thermite is used, yielding under
a complete chemical conversion 7.616 kg steel and 5.984 kg alumina slag. Reference values for the
two points in time are marked by a red line in gure 6.8 and have been obtained by using standard
transport and material properties, as described in the appendix on page i. The average phase fraction
over the outlet area φ(τ ) of the reference case (0) in table A.5 on page xiv is displayed in gure 6.7.
Further, the investigated parallel outow time interval occurs in the Euro crucible between 2 s and
4 s, as indicated by
0.01 ≤ φST ≤ 0.99 . (6.26)
Since no air volume is present at the outlet during this time period, the following statement is valid
for the slag phase fraction
φSL = 1 − φST . (6.27)
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Figure 6.8.: Variation of transport properties of the phases in a 3D sensitivity analysis of the Euro crucible
discharge. Showing the time shift ∆τ in seconds for the slag breakthrough (N to #) and the end
time of parallel outow (N to#), compared to the reference value of 2.37 s and 3.78 s (see g. 6.7)
for which φST ≤ 0.99 and φST ≤ 0.01, respectively.
Under the standard transport conditions of the reference case, the phase fraction of steel φST falls
below 0.99 and 0.01 at 2.37 s and 3.78 s, respectively, as shown in gure 6.7, and thus yields a parallel
outow interval of 1.41 s of thermite steel and alumina slag. However, the majority of parameter
variations in this case study yield identical values for the beginning and end of the parallel discharge
τBSB and τESB, namely 2.37 s and 3.78 s as under consideration of standard transport properties. This
holds true for cases 5 to 12, as shown in table A.5 on page xiv. For cases 15 to 20, no change in τBSB or
τESB can be observed under the consideration of the current temporal resolution for writing eld data
at 100 s−1. Decreasing the write interval would enable a possible temporal dierentiation in τBSB and
τESB obtained by varying νSL, σSTA, σSLA, θSTSiO2 , θSLSiO2 and θSTSL, as shown in gure A.9 on page ix.
Decreasing the density of steel by −5 % delays both points in time (τBSB, τESB) while increasing the
parallel time period to 1.42 s by 0.01 s, as compared to the original case. With a variation in ϱST
by +5 %, the beginning and end of the slag breakthrough occurs prior to the reference case with a
maximum deviation of−0.08 s for τBSB and τESB while keeping the parallel discharge interval constant
with 1.41 s. Changes in the slag breakthrough due to varying ϱST might be explained by a change
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in hydrostatic pressure pstat which is dened as ϱ дh between two points in the steel and slag phase,
respectively, as shown in gure A.6 in the appendix on page viii.
The hydrostatic pressure between point 0 and 1 is considered the driving force behind the slag break-
through and the resulting parallel discharge of steel and slag. A lighter steel phase results in a lower
pstat between steel and slag as compared to the reference case, thus yielding a lower force acting
on the interface. In contrast, a denser steel phase yields a higher pressure, and thus an earlier slag
breakthrough can be observed, as shown in gure 6.8. However, both variations on the steel density
leave the parallel time duration almost unaected. Yet, a 10 % decrease of ϱSL results in a positive
time shift of τBSB, thus slightly narrowing the parallel time interval to 1.35 s. A signicant impact
on the parallel time interval originates from a 10 % increase in slag density, yielding a 0.11 s longer
steel and slag discharge, as compared to the standard transport properties. Further, a variation in
the kinematic viscosity of steel by ±10 % yields no signicant inuence on τBSB or τESB. However,
as the interfacial tension σSTSL is varied by −10 %, the time interval for the parallel outow is only
increasing. A lower interfacial tension is less resistant to the hydrostatic pressure exerted by the slag
above the steel volume. However, an increase in σSTSL shows no considerable eect on the discharge.
A signicant inuence on the slag breakthrough and time interval of the parallel outow of steel
and slag is observed during a variation in density and a resulting change of the lling height if the
initial thermite mass is kept constant. Yet, an overall minimization or even elimination of the parallel
discharge phenomena has not been found for the Euro crucible due to a variation of the transport
parameters. Furthermore, no experimental evidence for a parallel thermite steel and alumina slag
discharge from the Euro crucible has yet been found. However, during a water and rapeseed oil
system discharge, as described in section 6.2.1, the simultaneous discharge and breakthrough of
water by the lighter phase has been conrmed both numerically and experimentally.
6.2.5. Droplet tear-o in a micro channel
The performance of the interface tracking algorithm of the multiphase solver multiphaseInterFoam
was evaluated in a two-phase validation of the droplet tear-o inside a micro channel, as described
in Glatzel et al. [28], the dimensions of which are displayed in gure A.10 on page A.10 of the
appendix. The TopSpot droplet generator is used for printing micro arrays, as described in Glatzel
et al. [28] and has a minimum diameter of 50 µm where a droplet forms. As surface forces are acting
within short ranges, the inuence of the surface tension σ increases inside the micro channel in
gure A.10 while the impact on the ow from inertial forces may be less inuential.
Inside the TopSpot micro-array, the initial water domain is positioned between the points (e) and (d)
in gure A.10, yielding a height between 530 µm ≤ y ≤ 905 µm. Above the water domain and at the
top surface of the micro channel, an inlet with a diameter of 600 µm is positioned, at which the total
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Figure 6.9.: Droplet formation as function of time calculated withmultiphaseInterFoam (top) and experimental
data from Glatzel et al. [28] (bottom) inside the TopSpot micro channel with tear-o at 450 µs.
air pressure is applied as a function of time. During the simulation, ptot(τ ) values were read from a
table le. Further, a surface tension of 72.5mNm−1 was used for the two-phase VOF simulation, with
a density and kinematic viscosity of 1000 kgm−3 and 1 × 10−6m2 s−1 of the liquid phase, respectively.
For the air phase, ϱ and ν account to 1.1614 kgm−3 and 1.589m2 s−1.
Numerical results of the droplet shape and tear-o volume was compared to experimental data from
Glatzel et al. [28], which is displayed in gure 6.9. In the experiment, a droplet volume of 0.68 nl
after tear-o at 450 µs has been obtained. Droplet volume from the two-phase simulation by multi-
phaseInterFoam was overestimated, yielding 0.998 nl. However, the tear-o time from the numerical
simulation and experiment are in good agreement. Further, droplet shapes prior to 400 µs cannot
suciently reect the contour of the photographs from Glatzel et al. [28]. During the experiment,
necking begins at 250 µs; during VOF simulation it begins approximately 100 µs later, producing a
longer droplet with a volume of 0.998 nl. Therefore, the numerical droplet volume accounts to an
increase of +47 %, when compared to the experimental value. Droplet shapes from the numerical
simulation at times of 250 µs and 300 µs are due to the underestimation of the surface force within
the simulation as droplet necking cannot be observed. Also, until a time of 250 µs, the horizontal
contact area at (d) in gure A.10 increases in diameter, which has not been observed during the
experiment.
6.3. Results
Following the aluminothermic reaction inside the crucible and the separation of reaction products
including themite steel, alumina slag and intermetallic compounds through diusive and convec-
tive transport, the crucible discharge into the welding gap between two rail ends occurs. The rail
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is further enclosed by a waterglass-bonded SiO2 SkV-Elite mould with a plug, as discussed in the
introduction in chapter 1 on page 1. For the numerical simulations of the crucible discharge and
mould lling an isothermal and incompressible three-phase system is considered, consisting of liq-
uid thermite steel and alumina slag atTmelt as well as gaseous air atT ref , as described in the appendix
on page i.
Figure 6.10.: Boundary types of the SkV-Elite mould (bottom) with plug (left) and without (right), and Euro
crucible (top) as computational domain for the three-phase simulations. Domain boundaries
include an inlet (blue), outlet (green), a plug which is made from waterglass-bonded Al2O3-SiO2
substrate (black), rail (orange), and mould and crucible wall, which are made from waterglass-
bonded SiO2 material (transparent grey).
For the lling process using a 13.0 kg thermite portion, an SkV-Elite mould and Euro crucible with
and without plug is being numerically investigated using boundaries as shown in gure 6.10. An
understanding of the multiphase ow and mixing of thermite steel and alumina slag above the plug
is especially of great interest. Further, a variation of the overall multiphase ow structure occurs
if the plug component is omitted during the lling, as shown in the right image of gure 6.10. Air
pipes emerging from beneath the plug (black boundary) in the left image of gure 6.10 also contain
an outlet (green) to enable the air to escape during the mould lling.
Recalling two major causes for casting defects, including non-metallic inclusions due to slag or air
entrapment, shrinkage porosity and solidication cracks due to heterogeneous temperature distribu-
tions or solidication velocities within the cast. In the rst set of images from the three-phase CFD
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simulation of the lling of an SkV-Elite mould with a Euro crucible, the phase volume of thermite
steel (red) and slag (blue) and velocity magnitude |u| is shown in gures 6.13a at 0.20 s and 0.50 s in
6.13b and 6.13c. During the lling of the mould with and without plug, two signicant properties
will be compared, namely the local ow structures, which can be evaluated by the amount and size
of slag or air inclusions, and the maximum ow velocity within the steel phase. Momentum of the
steel stream discharging from the Euro crucible above the mould is going to be reduced signicantly
by the mixing above the plug, as shown in gure 6.13a to 6.13c. Using a plug, the ow of liquid steel
is redirected above the plug from a vertical to a horizontal ow direction. Steel is in contact with
the mould wall for a longer time period. When compared to the case without a plug, steel comes in
contact at the bottom of the mould for the rst time as in gure 6.13b. A long contact time increases
the solution of refractory materials into the steel. Further, the ow around the rail head and the web
(g. 1.1 on page 5), as shown in 6.13b and 6.13c is highly chaotic. Intensive splashing occurs by the
impact of the steel on the mould wall at the rail head, which forms smaller droplets when owing
further downwards into the narrow part of the welding gap of the rail web. Flow velocities within
the web are small with < 1.8m s−1 when compared to the case in gure 6.13c with 2.5m s−1. How-
ever, using a plug produces dropping prior to 0.5 s, and stream splitting near the rail web increases
the interfacial area between steel and air which may result in higher oxidation rates.
In a second set, numerical results of the mould lling from rail foot to head between 0.75 s ≤ τ ≤ 1.5 s
are shown in gure 6.14a to 6.14c. Using a plug also increases the amount of steel stream splashing, as
shown in the left image of gure 6.14a, which causes air inclusions and large pockets to form within
the rail web, as displayed in gure 6.14a and 6.14b. Only two large air pockets develop inside the
rail foot when the plug is omitted, as shown in the right image of gure 6.14a. Another phenomena
can be identied as bidirectional lling of the raisers, indicated in the left gures 6.14a and 6.14b by
a further splitting of the steel stream at the rail head as a result of the impact on the mould wall.
Without the plug, the lling of the raisers occurs from bottom to top. Through the high momentum
of the stream, as indicated in the right gure 6.14c, smaller air inclusions are also present when
compared to the lling with plug in gure 6.14b.
The third set of images of the multiphase simulation of an SkV-Elite mould lling with thermite
steel and alumina slag displays a physical time interval between 2.5 s ≤ τ ≤ 12.0 s in gure 6.15
on page 84. For the time interval of the parallel outow between approximately 2 s and 4 s, using
a plug results in a clear advantage over a mould lling without this component, as the slag is held
above the plug and therefore cannot penetrate into the welding gap. However, the slag phase, as
indicated in the right image 6.15a and 6.15b, is forming small droplets and therefore impinging the
steel completely by reaching the foot of the rail. These droplets will oat up eventually due to a
lower density of alumina. However, a possibility exists that droplets may attach to the refractory
wall resulting in oxide inclusions in the weld. This entrapment might pose a risk as a source for
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lowering the quality of the weld. Within the nal phase distribution at the end of the lling, slag
entrapment near the horizontal centre of the rail head near the air pipe has been numerically and
experimentally shown. Calculated results for slag inclusion above the rail head are indicated in the
right image of gure 6.15c and A.11 in the appendix on page xi. Images of both sides of the rail
from an experimental welding are shown in gure A.11, where the approximate length L1 and L2 of
the slag droplet has been marked by a white line. This test welding arms numerical results of an
alumina slag entrapment at both sides of the overlapping section above the rail head, as shown in
gure A.11. In the experimental welding in gure A.11 in the appendix on page xi, slag volume is not
evenly distributed over both rail ends as indicated by L1 > L2. Further, the length of the slag droplet
on side 1 L1 accounts to approximately 70 % of the head width, whereas, L2 only distributes to 30 %.
This unevenly distributed slag volume at the overlapping edge above the head might be caused by a
tilted mould. A numerical simulation of the lling without a plug shows an evenly distributed slag
volume on both sides of the rail, as shown in gure A.11. A secondary slag inclusion as seen in the
right image of gure 6.15c on page 84 near the crossover from rail foot into the left raiser could not
be validated within the experimental welding by omitting the plug.
The lling of an SkV-Elite mould without the use of the plug yields the following important advan-
tages:
1. Reduction of cost, components and changeover time between weldings.
2. Reduction of error-proneness of the AT process due to wrong positioning of the plug.
3. Almost complete reduction of dropping and droplet formation during the early stages of the
lling.
4. No formation of large air pockets within the rail web.
5. No bidirectional lling of the raisers; only a one-way lling from rail foot upwards.
Disadvantages of a plugless welding procedure may include:
1. High velocities within the steel phase up to 2.5m s−1.
2. Slag is able to impinge the welding gap and slag droplets are found numerically and experi-
mentally above the rail head at the end of a lling.
In order to countervail the problem of slag impingement into the welding gap during a plugless
lling, a Euro crucible insert for centric placement above the outlet has been developed. The com-
ponent with dimensions displayed in gure A.12 in the appendix on page xii is able to prevent a slag
breakthrough of the steel phase, as indicated by a parallel discharge of both liquid phases within
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Figure 6.11.: Bottom section of the Euro crucible wall with the positioning of the SRS component (slag retain
system) directly above the outlet to prevent a possible slag breakthrough. The schematic ow
direction during discharge is indicated by two grey arrows.
approximately 2 s and 4 s, as shown in gure 6.7 on page 73. The crucible discharge with 13.6 kg
thermite and the SRS component (slag retain system) inside the Euro crucible has been numeri-
cally simulated to compare the phase fraction for steel and slag over the discharge time φ(τ ) and
is presented in gure 6.12 on page 81. Originally, the SRS component, made of waterglass-bonded
Al2O3-SiO2 composite, was developed to hold back slag inside the Euro crucible during discharge by
blocking the outlet. Secondarily, redirecting the current above the outlet from a primarily vertical
direction into a ow around the SRS component and thus parallel to the crucible walls, as indicated
by the two grey arrows in gure 6.11. This counteracts the parallel discharge phenomena by shift-
ing areas of high ow velocities away from the centreline near the outlet, towards the left and right
corner of the crucible.
In chart 6.12, the average phase fraction of thermite steel at the outlet of the Euro crucible, with and
without the use of the slag retain system (SRS) is being displayed, and thus a signicant improvement
of the multiphase ow can be observed through a reduction in the parallel outow time duration of
thermite steel and alumina slag. From an original parallel discharge time of 1.41 s, the SRS is able to
reduce this time by over 48 % to 0.68 s. Further, when neglecting the rst slag discharge at 3 s with
the use of an SRS, the component is capable of cleanly separating the phases of thermite steel and
alumina slag during discharge from the Euro crucible by an instant decrease of φST at approximately
3.5 s.
A successful validation of the multiphase VOF solvermultiphaseInterFoam has been obtained with the
experimental results of a water and oil discharge of a Euro crucible by revealing a parallel outow
of both liquid phases over a distinct time interval of approximately 4 s, as shown in gure A.8 in
the appendix on page ix. A similar multiphase ow has been obtained from numerical three-phase
disharge of thermite steel, alumina slag and air from the Euro crucible. However, this parallel outow
phenomena using AT reaction product phases has not yet been veried experimentally. Furthermore,
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Figure 6.12.: Extract of the average phase fraction of thermite steel φST while using a slag retain system (SRS)
compared to an original Euro crucible without SRS as a result of a 3D multiphase simulation.
a parameter sensitivity analysis has been conducted to evaluate the inuence of an uncertainty in
the transport and material properties used during the numerical simulation of the crucible discharge
and mould lling. Only a variation in phase density and the resulting variation in the lling height
shows an inuence of less than ±0.1 s on the parallel time interval of thermite steel and alumina slag.
Yet, no parameter variation is able to completely prevent a parallel discharge. In conclusion to the
results presented for the discharge of thermite steel and alumina slag from the Euro crucible into an
SkV-Elite mould during a UIC60 rail welding, a plugless mould lling is strongly encouraged from a
numerical point of view. The multiphase ow eld is improved by decreasing dropping and droplet
formation of the thermite steel phase. Further, the formation of large air pockets within the web can
be prevented. During the early lling of the rail foot at a lling time of 0.75 s, as shown in gure 6.14a
on page 83, an air pocketing can be observed during a plugless lling. Further improvements include
that an unintentional bi-directional lling of both risers is circumvented when no plug is used. Most
importantly, a plugless mould may help to reduce changeover time and also the errors caused due to
a wrong positioning of this component. However, a parallel discharge of thermite steel and alumina
slag is problematic, as numerical results show in gure 6.7 on page 73. However, this can be reduced
signicantly by the use of a slag retain system (SRS), which yields a clean transition from a steel to
slag discharge in the Euro crucible. The proposed SRS, as a built-in component, is to be used inside
the Euro crucible to guarantee a safe and slagless discharge.
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(a) Steel volume (red) at τ = 0.20 s
(b) Steel (red) and slag volume (blue) at τ = 0.50 s
(c) Velocity magnitude in steel phase at τ = 0.50 s
Figure 6.13.: Set 1 of selected time frames for the lling of an SkV-Elite mould with Euro crucible of a UIC60
rail with steel (red) and slag (blue), with plug (left) and without (right).
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(a) Steel (red) and slag volume (blue) at τ = 0.75 s
(b) Steel (red) and slag volume (blue) at τ = 1.50 s
(c) Velocity magnitude in steel phase at τ = 1.50 s
Figure 6.14.: Set 2 of selected time frames for the lling of an SkV-Elite mould with Euro crucible of a UIC60
rail with steel (red) and slag (blue), with plug (left) and without (right).
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(a) Steel (red) and slag volume (blue) at τ = 2.50 s
(b) Steel (red) and slag volume (blue) at τ = 3.00 s
(c) Steel (red) and slag volume (blue) at τ = 12.00 s
Figure 6.15.: Set 3 of selected time frames for the lling of an SkV-Elite mould with Euro crucible of a UIC60
rail with steel (red) and slag (blue), with plug (left) and without (right).
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7. Discussion and conclusion
In this study, the early stages of the aluminothermic process, dened by the ignition and the follow-
ing aluminothermic reaction, the separation of AT reaction products and the three-phase crucible
discharge and mould lling of thermite steel, alumina slag and air have been investigated experimen-
tally and numerically. Experimental investigations on the high-temperature aluminothermic process
with complex reaction kinetics, heat transfer and multiphase uid dynamics have been employed to
obtain missing material and transport properties of the multiphase system. These investigations in-
clude contact angle measurements using a sessile drop technique for the investigation of the wetting
behaviour of thermite steel on waterglass-bonded Al2O3-SiO2 composites as well as pure alumina. A
linear decreasing θ on pure alumina results from a continuous low-content oxygen input at the inlet
of the hot stage microscope. At an atmospheric temperature of 1850 K, the oxygen saturation within
the interface is reached, and thus yields a stable contact angle of approximately 100° on average. The
wetting behaviour of thermite steel has been studied under a protective argon atmosphere, yielding
a linear decreasing θ on pure alumina due to the absorption of atmospheric oxygen. However, an
instant oxygen saturation has been reached on composite materials due to a release of high amounts
of oxygen during a chemical conversion of α-Fe2O3 pigment. The observed inuence of the atmo-
spheric oxygen concentration on the wetting of thermite steel is supported by including the results
from Ueda et al. [77] and Nakashima et al. [61].
Another important research topic includes a denition for a time duration of the separation and the
investigation of reactive, diusive and convective transport mechanisms within the products of the
aluminothermic reaction. In order to investigate the overall time for separation of thermite steel and
alumina slag in an authentic WT-100-1 thermite compact, a CFQ methodology based on the work
of Cincotti et al. [16] has been adapted. Prior to the combustion front quenching analysis, mea-
surements on the propagation front velocity at various initial temperatures of a compacted thermite
pellet have been conducted, yielding on average (13.1 ± 3.1)mms−1 at 297 K and (8.6 ± 1.4)mms−1
at 322 K. Due to the experimental setup and the dicult positioning of the thermocouples, which
were used for velocity measurement, a relative error of +24 % has been observed. Obtained results of
the propagation front velocity in WT-100-1 are smaller in magnitude by a factor of two, as reported
in Durães et al. [19]. This is due to a smaller reactant particle size in the range of 0.75 µm to 47.7 µm.
Also, a potential but signicant inuence of the initial pellet temperature has been observed through
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a decreasing propagation front velocity. This suggests an advancing oxidation of the aluminium re-
actant with increasing initial temperature, as described in Schoenitz et al. [71]. However, without
further measurements of thermite pellets at various initial temperatures and under equal conditions
and dwell times, the cause for this phenomena has yet to be identied when other sources of errors,
e.g. borehole positioning and reactant distribution are reduced. The combustion front quenching
methodology makes it possible to research SHS type reactions, revealing complex three-dimensional
reaction kinetics, diusive and convective mass and intensive heat transport. In authentic WT-100-
1 thermite used during the aluminothermic welding of rails, the separation time is very short, at
(6.8 ± 2.5) × 10−2 s under a compaction pressure of 100MPa, thus matching the ndings of Cao et
al. [13] for a fast conversion. Further, a geometric ratio between reactant volume and copper surface
area V /A as function of the reaction cone height at unity, reveals the approximate position of the
quenching depth, where the conversion stops. At this location, the remaining heat from the alu-
minothermic conversion is insucient for a further propagation and self-sustaining of the synthesis
due to the high cooling potential of the copper walls. Experimental results of the CFQ setup are
successfully employed for the validation of a two-phase, isothermal and diusive phase eld model,
which is based on the work of Donaldson et al. [18]. Therefore it is possible to predict the separation
time of a thermite steel and alumina slag system. However, due to a reduced model, the validated
numerical results of the thermite separation only have limited informative value. Furthermore, the
solver is not capable of accounting for reaction kinetics, variations in transport properties which are
due to changes in temperature and volume change, thus showing signicant inuence on the sepa-
ration time during SHS reactions. Furthermore, a variation in the interfacial tension between steel
and slag σSTSL through a change of the chemical composition of surface active elements in thermite
steel showed no inuence on the domain growth L∗(τ ), as it has been stated in Kim et al. [43].
As a subsequent process to the reactive separation of thermite, a successful validation of a VOF
simulation of the crucible discharge from the Euro crucible, using experimental results from a water-
oil system, reveals the parallel outow of the liquid phases over a distinct time interval through a
non-vortexing funnel formation. However, this phenomena has not yet been validated within the
scope of an authentic discharge of thermite steel and alumina slag due to the high temperatures and
extreme experimental conditions. However, the multiphase discharge mechanisms of this work for
thermite steel and alumina slag are in agreement with numerical and experimental investigations
found in Davila et al. [17] and Sankaranarayanan [69] for industry-sized ladle geometries. The
three-phase ow inside an SkV-Elite mould during a plugless lling reveals an optimized multiphase
ow eld. This is evidenced by a reduction in droplet formation and splashing of thermite steel
and air pocketing within the rail web, as well as preventing a bi-directional lling of the raisers.
However, a simultaneous steel and slag discharge from the crucible results in slag entrapment within
the welding gap if the plug is omitted. An entrapment at the rail head was veried during an authentic
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aluminothermic welding, thus posing a quality risk due to oxide inclusions inside the weld. For an
improved ow eld inside the mould and without posing a possible risk of quality degradation of the
weld, the use of a slag retain system (SRS) is encouraged during the lling without the plug. Also,
slag entrainment during the aluminothermic welding of rails occurs due to the parallel discharge
of thermite steel and alumina slag, as well as overlapping geometric features within the mould.
Therefore, a correlation between the capillary number and entrainment frequency for slag droplets,
as in Scheller et al. [70], has not been investigated within the scope of this research. The proposed
SRS is capable of reducing the time duration of the parallel outow of liquid thermite steel and
alumina slag from the Euro crucible by more than 48 %, thus contributing to a clean phase transition
during discharge.
Parasitic currents with a magnitude of 4 × 10−3ms−1 in the VOF simulations of the crucible discharge
and mould lling with thermite steel and slag are not considered inuential on the movement of the
main ow. However, these currents show an increased eect when using the phase eld solver
phaseFieldFoam, resulting in magnitudes of 5.5 × 10−2ms−1. Main ow velocities of similar range
have been obtained numerically during the separation of thermite steel and slag for the CFQ vali-
dation experiment. Therefore, spurious currents are inuential due to reduced damping capabilities
in a two-phase system of AT reaction products, which can be shown when Oh  1, as it has been
discussed in Donaldson et al. [18].
∗ ∗ ∗
The purpose of this work has been to obtain a better understanding of the diusive, reactive and
hydrodynamic processes involved during the aluminothermic process of the welding of rails, namely
the separation, crucible discharge and mould lling of thermite steel and slag. It has been found that
a reduced phase eld model of the phaseFieldFoam solver is capable of predicting the separation time
in compacted thermite while neglecting inuential physical and chemical transport mechanisms.
Therefore, the validity for applying such a model on the separation of an authentic thermite powder
welding mixture has not yet been conrmed. High computational eort and resolution of a three-
dimensional interface limit the phase eld model to rather small scale problems with a physical size
of less than 20mm. It is further found that a parallel ow phenomena inside the crucible and mould
by thermite steel and slag is occurring during the aluminothermic process. However, the use of
a plug minimizes the slag entrainment into the welding gap, and therefore, a quality degradation
should not occur. For a more ecient time and resource management during the aluminothermic
welding process, the use of a plug is not suggested. Moreover, the utilisation of a slag retain system
(SRS) shows signicant improvements on the reduction of the parallel outow time interval and the
internal ow within the mould.
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With the main results of this thesis summarized in the previous chapter on page 85, questions arise
regarding the extent to which numerical results can be improved in order to obtain a better under-
standing of multiphase phenomena during crucible discharge and mould lling. Providing transport
properties for three-phase simulations of the crucible discharge and mould lling is a necessity for
obtaining accurate results. Thus, further experimentation on the contact angle of thermite steel and
waterglass-bonded materials is encouraged. Increasing the temperature of the thermite steel sam-
ple by local heating without aecting the underlay could yield improved results as the substrate is
becoming unstable beyond liquidus of thermite steel. The use of an external lightning can yield an
improvement for CA measurements, as heat radiation results in low-contrast images when this is
the only light source and when sample and substrate are at identical temperatures during heating.
Eects of the initial pellet temperature on the propagation front velocity are of great interest and
thus deeper understanding is needed to answer if the oxidation state of aluminium reactant is re-
sponsible for this phenomena. Further evaluations on the reaction propagation and separation of
WT-100-1 thermite using the proposed CFQ setup is encouraged to validate results of this work for
the separation time.
Using the phase eld solver phaseFieldFoam for simulating phase separation during the aluminother-
mic reaction is possible, but the extent to which the scaling of domain formation L(τ ) ∝ τ β is valid
has yet to be proven for this type of SHS reaction.
Current isothermal results of the crucible discharge and mould lling are in good agreement to exper-
imental results. However, the use of a non-isothermal multiphase solver could yield more accurate
results if precise temperature- and oxidation-dependent boundary and initial conditions, as well as
temperature-dependent transport parameters of the three-phase system are available.
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γε ,γk Reaction coecients s−1
δ Dirac distribution
ϵ Capillary width m
ε Turbulent dissipation rate m2 s−3
ζ Restorative diusivity
η Dynamic viscosity Pa s
θ Contact angle °
κ Interface curvature m−1
λ Mixing energy density N
µ Chemical potential J mol−1
ν Kinematic viscosity m2 s−1
ξ Gradient energy J m−1
ϱ Density kgm−3
σ Surface and interfacial tension Nm−1




χ Equilibrium prole m
ψ Interfacial thickness m






a Initial column width m
bi Phase eld model parameter
Ci Phase eld model parameter
Cε1,Cε2,Cµ k-ε turbulence model parameter
c Concentration molm−3
Dε ,Dk Turbulent diusion coecient m2 s−1
d Diameter m
F Helmholtz free energy J
F1 Hypergeometric function
F Force N
f Helmholtz free energy density J m−3
д Gravitational acceleration ms−2
∆H 0R Standard enthalpy of reaction J mol
−1
h Height m
I Electrical current A
i, j Iterator
k Turbulent kinetic energy m2 s−2
L Length m
L∗ Characteristic length
M Mobility s kg−1
m Mass kg
N Cell count
n Column height parameter
Pε Turbulent production of ε m2 s−4
Pk Turbulent production of k m2 s−3
p Pressure Pa









ÛV Volume ow rate m3 s−1
x,y, z Spacial dimensions m
y+ Dimensionless wall distance
Z Dimensionless leading edge position
zl Leading edge position m
Subscripts
Symbol Description
∗ Value at interface
A Air


































x,y,z Component in respective spacial direction
Abbreviations
Symbol Description




CFD Computational uid dynamics
CFQ Combustion front quenching
CMOS Complementary metal-oxide-semiconductor
CPU Central processing unit
CSF Continuum surface force
CW Cooling water
DIC Simplied diagonal-based incomplete Cholesky
GAMG Generalised geometric-algebraic multi-grid
GDP Gross domestic product
GMV Gross merchandise volume
HPC High-performance computer
IEST Institut für Eisen- und Stahltechnologie
LCST Lower critical solution temperature
MFR Main ow rate
PC Personal computer
PCG Preconditioned conjugate gradient
PFD Propagation front direction




SEM Scanning electron microscope
SHS Self-propagating high-temperature synthesis
SkV Schnellschweißverfahren mit kurzer Vorwärmung (engl.: rapid welding technique with
short preheating)





TVSED Temperature-variant simplied energy density
UCST Upper critical solution temperature
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In the following section, properties of the liquid and gaseous phases, namely thermite steel, high
content alumina slag and air at Tmelt will be presented. These properties will be used as boundary
conditions for numerical simulations of the separation and mould lling. Considering high tempera-
tures above 2000 K, experimental measurements are extremely dicult to conduct since the number
of stable refractory materials under these conditions are limited. Carbides show high-temperature
resistance, yet iron-based alloys react with the carbon of the carbide.
As discussed in chapter 1 in equation (1.1) on page 4, the aluminothermic reaction yields products
such as iron, alumina slag and intermetallic compounds. Depending on the steel composition of
the rail, for which a chemical analysis can be found in Tuchkova [76], several alloying elements and
additives are added to pure thermite powder (1.1), yielding a steel composition similar to the rail. Fur-
ther, reactions between the refractory material of the crucible, the mould made of waterglass-bonded
silicon or aluminium oxide and thermite steel, alloy steel with silicon as a result of the aluminother-
mic reaction. An analysis of a common steel for railway welding, which has been produced with the
aluminothermic reaction, is listed in table A.3 on page xiii. Within the experimental and numerical
scope of this thesis, the main products of the aluminothermic reaction are referenced as thermite
steel and alumina slag. However, for the evaluation of phase transport properties, materials such as
pure iron and alumina are used. Furthermore, intermetallics are not considered. Common thermite
steel is produced with a 60/Z90SkV-E portion type with a mass of 13.0 kg, used for welding a UIC60
type rail. The resulting thermite steel is an iron-based alloy containing approximately 97wt% Fe as
listed in table A.3 on page xiii. As a secondary phase, slag from the aluminothermic reaction contains
over 90wt% Al2O3 and other oxides, such as Fe2O3, SiO2 and MnO.
Liquid phases
Within the scope of this thesis, two liquid phases are being considered for numerical multiphase sim-
ulations of the aluminothermic process, namely thermite steel and alumina slag. However, instead
of an iron-based alloy, properties for pure Fe are being used. The density of iron at 2475 K has been
obtained from Assael et al. [3], yielding 6420.00 kgm−3 with 0.77 % standard deviation and 95 % con-
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dence level, respectively. Furthermore, ηFe and νFe yield 2.235 × 10−3 Pa s and 3.481 × 10−7m2 s−1,
respectively, with a standard deviation of 5.7 % and condence level of 95 %. Values for the liquid
density ϱ are obtained from Kargl et al. [40], whereas dynamic and kinematic viscosity η, ν at high
temperatures are researched in Urbain [78], yielding 2866 kgm−3, 0.036 Pa s and 1.256 × 10−5m2 s−1
at Tmelt, respectively.
Table A.1.: Interfacial properties of the three-phase system with surface and interfacial tension obtained from
Iwanciw et al. [38] and Girifalco et al. [27] for thermite steel and slag.
Property Interface Unit Value
σSLA slag-air Nm−1 0.5770
σSTA steel-air Nm−1 1.5795
σSTSL steel-slag Nm−1 1.2019
Contact angle θ , surface- and interfacial tension are considered as interfacial properties of the mul-
tiphase system between thermite steel, alumina slag, air and refractory materials, such as mould
and crucible wall material. Interfacial properties of theses components, which were obtained from
literature, can be found in table A.1. Further, surface tension of liquid thermite steel σSTA in ta-
ble A.1 at Tmelt has been obtained from Iwanciw et al. [38] using the respective mass fraction ω
for carbon, oxygen and sulphur in thermite steel, as listed in table A.3 on page xiii for a UIC60 rail
welding with a 60/Z90SkV-E thermite portion. The surface tension of alumina slag is obtained as
577.039 × 10−3 Nm−1, applying the formulation of Iwanciw et al. [38]. An additional transport pa-
rameter of the multiphase system is the interfacial tension between steel and slag σSTSL, accounting
to 1.2019Nm−1, and which is obtained from Girifalco et al. [27] using σSLA and σSTA.
Table A.2.: Properties for the liquid phases of iron from Assael et al. [3] and alumina from Kargl et al. [40]
and Urbain [78] at Tmelt, respectively.
Property Unit Iron Alumina
ϱ kgm−3 6420.00 2866.00
η Pa s 2.235 × 10−3 3.600 × 10−2
ν m2 s−1 3.481 × 10−7 1.256 × 10−5
An experimental evaluation of the contact angle θ of liquid thermite steel on crucible and mould wall
composite materials using the sessile drop technique is presented in chapter 2 on page 8. The con-
tact angle between alumina slag, air, crucible and mould wall composite material will be estimated
to 20°. The good wetting behaviour of alumina slag on waterglass-bonded Al2O3-SiO2 composites
used as crucible and mould wall materials has subjectively been conrmed in experiments of the
aluminothermic reaction. Sessile drop measurements, however, have not been conducted due to the
high melting point of alumina slag above 2273 K. Furthermore, within the multiphase ow simula-
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tions of the mould lling, the rail is treated as a solid and non-moving wall with a constant contact
angle of 90°, as listed in table A.1. However, under real conditions, the walls of the rail are unsteady
due to the melting of the rail, thus the welding gap is widened during the mould lling process.
Gaseous phase
Transport properties of air have been estimated using an average reference temperature T ref . This
temperature has been obtained through a transient 3D heat transfer simulation of the air volume
above the liquid alumina slag. The Euro crucible, with its internal contour displayed in gure A.5
in the appendix on page vii, lists the vertical positions of the phase interfaces. An air volume inside
the Euro crucible and above the slag-air interface ySLA is considered, which results from a 13.6 kg
thermite portion. The computational domain is given by a frustum of a cone, which represents the
enclosed air volume above the slag phase. Further, the top and side walls are dened as adiabatic
and the bottom wall as a xed temperature Tmelt boundary condition, which represents the slag-
air interface. Further, the air volume VA above the slag phase accounts to 5.47 × 10−3m3 and the
physical time for the transient heat transfer simulation equals 10 s. From the numerical simulation








yielding 1083.2 K inside the Euro crucible after 10 s holding time. Further, the dynamic viscosity and
density of air at T ref has been obtained from [73] as
ηA(T ) = a · 10−5 + b · 10−10T + c · 10−12T 2 + d · 10−17T 3 + e · 10−4T −1
+ f · 10−6
√
T + д · 10−6 ln(T ) . (A.2)







д = 2.88757757945 ,
iii
A. Appendix
a value for the dynamic viscosity of air can be obtained
ηA = 4.3788 × 10−5 Pa s . (A.3)
The kinematic viscosity and density of air atT ref has been calculated approximated with [73], yield-




with a1 = 353.18 kgm−3 . (A.4)
In this chapter, various transport properties for the liquid and gaseous phases of the thermite process
are presented and the eects of a parameter variation on the multiphase ow inside the Euro crucible








Figure A.1.: Dimensions in millimetres of ZrO2 nozzle (not to scale) used for igniting thermite pellets with
loose WT-100-1 powder.
Figure A.2.: Initial random normal distribution of the φ eld at 0 s for the thermite steel (red) and alumina














Figure A.3.: Diusive and convective transport mechanisms during a binary phase segregation of phase A
and B.
(a) Magnied left section in gure 4.5 on page 28
of the cone tip consisting of Fe3O3, Al2O3-
steel composite and steel (left to right).
(b) Further magnication of the top-right section
in gure A.4a consisting of Al2O3-steel com-
posite and steel (left to right).



























Figure A.5.: Dimensions in millimetres of the rotationally symmetrical internal contour of the Euro crucible
with the positions of the steel-air interface at y1, steel-slag at ySTSL and slag-air at ySLA for a











Figure A.6.: Schematic phase distribution prior the slag breakthrough in the Euro crucible with two static


















Figure A.7.: Temperatures of the four type K thermocouples TE1 to TE4 inside the Cu segments during the














Figure A.8.: Average phase fraction φ of water and rapeseed oil at the outlet of the Euro crucible as a result


































Figure A.9.: Average phase fraction over the outlet area of the Euro crucible for steel φST for various cases
from table A.5 on page xiv of the parameter sensitivity analysis in section 6.2.4 on page 72. The

























Figure A.10.: True-to-scale schematics of the TopSpot micro channel from Glatzel et al. [28] with dimen-
sions in microsmetres, lled between 530 µm ≤ y ≤ 905 µm with water. At gh a pressure
boundary condition ptot(τ ) was applied. Walls ab are partial wetting at 100°, cd and ef at 130°.
Non-wetting walls are de and fg. Walls bc and gh are pressure outlet and inlet, respectively.







Figure A.11.: Steel (red) and slag (blue) distribution at 12 s of a numerical simulation of an SkV-Elite mould
lling without the use of a plug (left) and slag droplet position above the rail head and approx-
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Figure A.12.: CAD drawing of SRS component (Version: A) as Euro crucible insert for preventing parallel




Table A.3.: Analysis of the thermite steel sample used in the contact angle measurements. The identier
()* represents values lower than specied by measurement. The steel has been produced by a
standard welding with a thermite portion type 60/Z90SkV-E of 13.0 kg for the UIC60 rail.
























In table A.3, elements C and S have been analysed with a carbon-oxygen analyzer CS 244, and O and
N with an oxygen-nitrogen-hydrogen analyzer G8 GALILEO. All other elements have been analysed
by a spark spectrometer from Oxford Instruments Foundry-Master.
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Table A.4.: Average clock time per iteration and speed-up as function of the number of cores used for the
SkV-Elite mould lling with 3.3 million cells.










Table A.5.: Results of the parameter sensitivity study in the Euro crucible for two signicant points in time,
namely the beginning and end of the slag breakthrough τBSB and τESB and with the deviation ∆τ
from the standard case (0).
Case no. τBSB τESB ∆τBSB ∆τESB Parameter variation
0 2.37 3.78 ±0.00 ±0.00 none
1 2.44 3.86 +0.07 +0.08 ϱST (−5 %, lling height)
2 2.29 3.70 −0.08 −0.08 ϱST (+5 %, lling height)
3 2.42 3.77 +0.05 −0.01 ϱSL (−10 %, lling height)
4 2.28 3.80 −0.09 +0.02 ϱSL (+10 %, lling height)
5 2.36 3.78 −0.01 +0.00 νST (−10 %)
6 2.37 3.78 ±0.00 ±0.00 νST (+10 %)
7 2.37 3.78 ±0.00 ±0.00 νSL (−40 %)
8 2.37 3.78 ±0.00 ±0.00 νSL (+40 %)
9 2.37 3.78 ±0.00 ±0.00 σST (−40 %)
10 2.37 3.78 ±0.00 ±0.00 σST (+40 %)
11 2.37 3.78 ±0.00 ±0.00 σSL (−40 %)
12 2.37 3.78 ±0.00 ±0.00 σSL (+40 %)
13 2.34 3.80 −0.03 +0.02 σSTSL (−10 %)
14 2.36 3.80 −0.01 ±0.00 σSTSL (+10 %)
15 2.37 3.78 ±0.00 ±0.00 θSTSiO2 (−10 %)
16 2.37 3.78 ±0.00 ±0.00 θSTSiO2 (+10 %)
17 2.37 3.78 ±0.00 ±0.00 θSLSiO2 (−40 %)
18 2.37 3.78 ±0.00 ±0.00 θSLSiO2 (+40 %)
19 2.37 3.78 ±0.00 ±0.00 θSTSL (−40 %)
20 2.37 3.78 ±0.00 ±0.00 θSTSL (+40 %)
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